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N  1935  the  Eastman  Kodak  Company  placed  16-mm  Kodachrome 
motion-picture  film  on  the  market  for  amateur  photographers.  This 
revolutionary  product  was  the  result  of  intensive  research  and  develop¬ 
ment  work  over  many  years  by  several  hundred  people  at  Kodak  Park, 
following  its  initial  conception  by  Leopold  Mannes  and  Leo  Godow- 
sky,  Jr. 

Two  of  us  (Evans  and  Hanson)  joined  the  team  under  Mannes  and 
Godowsky,  shortly  after  1935.  We  soon  became  aware  of  the  fact  that, 
although  the  basic  theory  of  three-color  photographic  reproduction  had 
been  understood  for  many  years,  it  had  provided  little  by  way  of  guid¬ 
ance  in  the  development  of  this  particular  product.  As  time  went  on 
it  appeared  increasingly  evident  that,  in  its  existing  form,  the  theory 
was  unlikely  to  do  so. 

Lor  this  reason  we  undertook,  in  1938,  to  write  a  book  intended  to 
consider  exhaustively  the  actual  basis,  which  was  largely  an  empirical 
one,  on  which  processes  of  color  photography  had  been  and  were  being 
worked  out.  This  work  was  interrupted  for  a  number  of  years  because 
of  the  war.  After  the  war  increased  responsibilities  made  further  writ¬ 
ing  difficult.  Its  completion  was  made  possible  by  enlisting  the  aid  of 
W.  L.  Brewer  in  1946  who,  for  several  years,  was  able  to  spend  essen¬ 
tially  full  time  on  it. 

Boday,  some  fifteen  years  after  the  initiation  of  our  undertaking,  we 
persist  in  the  view  that  the  complexities  of  the  interrelations  among 
the  variables  are  so  great  that  color  photographic  processes  must  be 
developed  empirically.  However,  we  believe  that  we  now  have  a  rea¬ 
sonably  clear  insight  into  the  nature  and  contributions  of  the  more 
important  variables  and  that  theory  has  developed  to  such  an  extent 
that  investigations  which  would  have  been  quite  meaningless  in  1938 
can  be  conducted  and  interpreted. 

Color  photographic  processes  are  chemical  in  nature  in  that  the  color- 
ants  (usually  dyes)  of  the  photograph  must,  in  general,  be  chemically 
ormed.  The  color  reproduction  characteristics  of  the  process  how¬ 
ever  are  evidenced  by  the  optica]  characteristics  of  the  dyes  after  they 
are  formed  rather  than  by  chemical  reactions.  The  chief  emphasis  in 
the  present  work  is  upon  these  physical  characteristics  and  upon  the 
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attendant  effects  which  the  picture  may  have  on  the  observer.  These 
effects  are  considered  in  both  psychophysical  and  psychological  terms. 
The  chemistry  of  color  photography  is  discussed  to  the  extent  of  indi¬ 
cating  the  nature  of  the  photographic  materials  and  of  the  major  chemi¬ 
cal  reactions  involved  in  various  types  of  color  systems.  These  discus¬ 
sions  are  intended  to  provide  the  reader  with  a  better  understanding  of 
the  variety  of  means  by  which  color  photographs  may  be,  and  have 
been,  made,  rather  than  to  instruct  him  in  the  details  of  the  chemical 
reactions  of  any  practical  color  process. 

The  history  of  color  photography  has  been  treated  adequately  in 
other  books  but  has  been  reviewed  here  to  provide  the  reader  with  a 
perspective  for  considering  current  processes.  An  attempt  has  been 
made  to  indicate  why  some  processes  have  succeeded  when  others  have 
failed. 

In  developing  the  various  concepts  free  use  has  been  made  of  the 
mathematics  required  for  a  rigorous  development.  At  the  same  time 
we  have  attempted  to  word  the  text  in  such  a  way  that  the  principles 
involved  and  the  conclusions  reached  can  be  understood  without  a 
careful  study  of  the  mathematical  steps  involved. 

A  great  deal  of  previously  unpublished  original  work  is  included  in 
the  book  and  for  this,  and  wherever  possible  elsewhere,  we  have  tried 
to  make  the  text  sufficiently  complete  so  that  further  reference  is  un¬ 
necessary.  Even  so,  the  book  is  extensively  documented.  We  have 
relied  to  some  extent  on  well-known  source  books,  such  as  Mees  The 
Theory  of  the  Photographic  Process”  and  Wall’s  “The  History  of 
Three-Color  Photography,”  but  in  the  main  have  attempted  to  refer 
back  to  original  sources.  To  the  many  specific  references,  which  make 
up  the  bulk  of  the  bibliography,  we  have  added  such  selected  material 
as  we  felt  would  aid  the  student  who  wishes  to  pursue  special  phases  of 

the  subject.  . 

We  are  indebted  to  many  of  our  associates  in  the  Eastman  Kodak 

Company  for  assistance  and  advice  on  the  preparation  of  the  book. 
Specific  mention  can  be  made  here  of  only  a  few.  Practically  all  the 
illustrations  were  prepared  by  Mr.  James  W.  Watts.  Dire^J]elP  w£s 
also  received  from  Dr.  B.  H.  Carroll,  Dr.  P.  W.  Vittum,  and  Mr.  F  C. 
Williams.  We  are  also  obligated  to  many  writers  and  publishers  tor 
permission  to  use  drawings  from  their  publications.  Specific  acknowl¬ 
edgments  are  made  for  these  where  they  appear. 

Ralph  M.  Evans 

W.  T.  Hanson,  Jr. 

W.  Lyle  Brewer 

Rochester,  N.  Y. 

April  16,  1 953 
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Response  of  the  Eye  to 
Eight  in  Simple  Fields 

CHAPTER  I 


COLOR  photographs  consist  of  colored  areas  which  represent  objects 
and  other  parts  of  an  original  scene.  The  basic  problem  in  vision 
as  it  applies  to  color  photography  is  the  finding  of  satisfactory  ways  of 
describing  appearances  relative  to  these  areas.  Three  aspects  of  ap¬ 
pearance  are  involved:  that  of  each  area  as  an  area,  that  of  an  area  as  a 
representation  of  an  object,  and  that  of  the  original  object  itself. 

Moderately  satisfactory  descriptions  of  the  colors  of  objects  are  not 
difficult  to  formulate.  For  example,  if  given  a  number  of  differently 
colored  objects,  most  persons  can  easily  sort  them  into  groups  on  the 
basis  of  being  red,  green,  blue,  yellow,  or  the  like.  These  terms  pertain 
to  what  is  known  as  “hue.”  Hue  is  perhaps  the  most  fundamental  of 
all  the  aspects  of  color.  It  is  of  such  a  basic  nature  that  it  can  be  de¬ 
fined  satisfactorily  only  as  the  characteristic  of  colors  which  people  gen¬ 
erally  associate  with  hue  terms  such  as  those  already  given. 

Colored  objects  also  vary  visually  in  the  amount  or  strength  of  what¬ 
ever  hue  they  possess.  Some  are  entirely  devoid  of  hue;  these  we  call 
achromatic.  White,  grays,  and  black  are  among  the  members  of  this 
group.  The  extent  to  which  a  color  departs  from  achromatic,  or  ap¬ 
proaches  a  pure  hue,  is  described  in  terms  of  its  saturation.  Two  ob¬ 
jects,  for  example,  may  both  be  green,  and  of  common  hue,  in  that 
neither  one  can  be  said  to  be  either  more  yellowish  or  bluish  than  the 
other.  Under  these  conditions,  if  one  can  be  described  as  being  more 

strongly  green,  or  “greener”  than  the  other,  then  it  is,  by  definition 
more  saturated. 
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A  third  manner  of  variation  in  appearance  among  colors  of  objects 
involves  an  intensity  factor  which  is  described  either  as  brightness  or 
as  lightness.  The  term  brightness  is  generally  applied  to  a  light  source, 
to  the  illumination  incident  upon  a  surface,  or  to  the  total  light  received 
from  a  surface,  whereas  lightness  refers  more  to  the  reflectance  of  the 
surface.  Both  are  sometimes  applicable  in  the  same  situation,  however, 
thus  giving  rise  to  possible  ambiguities  as  to  which  is  involved.  With¬ 
out  attempting  at  the  present  time  to  differentiate  specifically  between 
the  two  concepts,  it  is  sufficient  to  note  that  two  objects  which  are 
indistinguishable  in  hue  and  saturation  may  still  differ  appreciably  in 
brightness  or  lightness. 

The  terms  hue,  saturation,  and  brightness  apply  to  visual  attributes 
which  are  easily  recognized  and  which  can  be  employed  to  good  ad¬ 
vantage  in  conveying  meanings  relative  to  visual  impressions.  These 
three  attributes  are  sufficiently  distinct  to  serve  as  the  basis  of  a  three- 
dimensional  vector  system.  This  system  geometrically  constitutes  what 
may  be  called  the  “psychological  color  space.”  Ideally,  the  visual  ap¬ 
pearance  of  any  color  could  be  expressed  in  terms  of  its  location  in  such 
a  space. 

In  a  rough  sort  of  way,  the  actual  description  of  colors  in  these  terms 
is  possible;  but  there  are  limitations.  The  attributes  are  better  applied 
qualitatively  than  quantitatively,  being  useful  for  describing  sameness, 
or  direction  of  difference,  but  not  for  precise  amounts  of  difference. 
They  cannot  be  uniquely  associated  with  particular  physical  stimuli,  and 
therefore  cannot  be  rigorously  defined.  Two  physical  stimuli  which  aie 
identical  by  physical  measurements  may  give  quite  different  visual  im¬ 
pressions  because  of  differences  in  their  immediate  physical  environ¬ 
ments,  differences  in  prior  stimulation  of  the  observer’s  visual  mech¬ 
anism,7  or  because  of  any  of  a  number  of  other  possible  differences  not 
pertaining  directly  to  the  physical  stimuli  themselves. 

Unique  descriptions  of  colors  are  possible,  however.  They  may  be 
obtained  by  assigning  to  each  color  a  spatial  position  which  is  located  in 
relation  to  the  arbitrarily  chosen  positions  of  a  series  of  standard  colors 
which  can  be  physically  specified,  and  with  which  the  particular  color 
can  be  visually  compared.  The  reliability  of  such  descriptions  is  apt  to 
be  high  provided  that  the  viewing  situation  in  which  the  comparisons 
ire  m8adePis  kept  sufficiently  simple.  High  precision  is  obtainable  when 
‘the  standards  can  be  varied  by  small  increments,  and  the  visual  matches 
are  made  in  small,  juxtaposed  fields  with  a  dark  surround. 

Although  unique  and  reliable  specifications  of  colors  are  thus  possible, 
no  available  system  is  completely  satisfactory.  The  limitations  are  fixed 
by  the  restricted  conditions  under  which  any  set  of  results  is  v  i  . 


any  application  of  visual  science,  such  as  color  photography,  extensions 
and  new  interpretations  must  be  made.  The  concern  must  be  with 
appearance,  and  with  appearance  under  conditions  approaching  those 
found  in  practice. 

The  first  four  chapters  of  this  book,  dealing  with  vision,  are  organized 
along  lines  suggested  by  the  foregoing  discussion.  The  remainder  of 
the  present  chapter  deals  with  some  of  the  facts  of  vision  as  they  have 
been  discovered  in  simplified  types  of  viewing  situations.  Chief  consid¬ 
eration  is  given  to  two-part  matching  (or  nearly  matching)  fields  with 
dark  surrounds,  although  other  types  of  viewing  situations  are  also  con¬ 
sidered.  In  Chapter  II  attention  is  centered  on  the  use  and  application 
of  these  data  in  setting  up  standardized  systems  of  color  description. 
These  include,  among  others,  the  CIE,  the  Munsell,  and  the  Ostwald 
systems.  In  Chapter  III  more  complex  types  of  viewing  situations  are 
studied,  with  particular  emphasis  on  the  modifications  in  results  which 
are  to  be  expected  in  going  from  simple  to  complex  fields.  Finally,  in 
Chapter  IV,  the  conclusions  reached  in  the  preceding  three  chapters 
are  interpreted  in  terms  of  their  applications  to  color  photography. 


HUES  OF  THE  SPECTRUM 

To  a  person  of  normal  color  vision,  a  continuous  spectrum,  such  as 
can  be  produced  from  sunlight,  appears  as  a  number  of  areas  of  dif¬ 
ferent  hues  which  merge  into  one  another.  Six  hues  are  easily  recog¬ 
nized:  violet,  blue,  green,  yellow,  orange,  and  red.  Of  these,  orange 
appears  as  a  combination  of  red  and  yellow,  and  violet  as  a  slightly  red¬ 
dish  blue.  Blue,  green,  yellow,  and  red  are  distinctly  different  from 
each  other  and,  for  this  reason,  have  come  to  be  known  as  the  ‘  psycho- 
ogically  primary  hues.”  Dimmick  and  Hubbard  *  (1939c*  and  1939b) 
have  reported  wavelengths  of  these  pure  hues  to  be:  blue,  476  nJ 
green  51 5  ny.;  yellow,  582  mw  and  red,  a  mixture  of  the  extreme  red 
and  blue  ends  of  the  spectrum  which  gives  a  color  complementary  to 
493.6  m„.t  The  deepest  red  of  the  spectrum  still  appears  to  contain 
some  orange.)  Even  among  the  psychologically  pure  colors  however 

‘If  Err*  ■**» ~SS 

.  Izz -*  «*•■  ~ 

yeuow  or  red.  Blue  and  green  are  commonly  associated 
i  fee  “Phnatory  note  on  references  on  page  673 

eluded  black' andThite  <1922’  PP'  535-”6>  has  - 

(1920;  also  Dimmick  and  Holt,  1929)  has  incl  Jed°^^0^uc?mmiCk 
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together  and  are  called  the  “cold  colors”;  yellow  and  red  constitute  the 
‘‘warm  colors.” 

The  hues  of  the  spectrum  cannot  always  be  uniquely  identified  with 
particular  wavelengths  *  of  light  because  of  differences  in  eye  charac¬ 
teristics,  possible  differences  in  association  of  hue  terms  with  visual 
sensations,  and  differences  which  may  arise  due  to  the  state  of  the  eye 
adaptation.  Approximate  divisions  of  the  spectrum  according  to  hue 
names  are  as  follows:  violet,  400  to  450  m^;  blue,  450  to  500  m n;  green, 
500  to  570  m/q  yellow,  570  to  590  m/x;  orange,  590  to  610  m/x;  and  red, 
610  to  700  m/x  (Hardy,  1936,  p.  2). 


Fig  1  •  1  Differences  in  spectrum  wavelengths  which  give  just  noticeable  differ 
ences  in  hue.  {a)  Jones  (1917,  p.  69)  and  (b)  Wright  (1947,  p.  168). 


Even  within  any  region  to  which  a  common  hue  name  is  applied,  dif¬ 
ferences  in  appearance  are  evident.  The  total  number  of  hues  m  the 
spectrum  which  the  eye  can  separate  visually  is  certainly  over  100. t  As 
the  visible  spectrum  extends  from  about  400  m/x  to  about  700  m/x,  this 
means  that,  on  the  average,  a  just  discernible  difference  in  hue  is  a  htt  e 
less  than  3  m /x.  The  wavelength  difference  corresponding  to  a  visual 
difference  does  not  remain  constant,  however,  as  is  evident  rom  tie 


*  The  term  frequency  rather  than  wavelength  would  be  more  appropriate  in  this 
conation  be/Je  it  .1  the  fluency  that  remains  —iant  -  h,h,  passes  r„ 

one  medium  into  another.  The  wavelength  remains  l>'°Por,,ona  °  the 

ihe  light  and  therefore  is  not  constant.  By  thinking  of  the  light  in  terms  ot  t 
tlie  ngnt  ana  mciciuic  aifferenre  is  negligible)  no  ambigu- 

constant  ratio 

the  frequency.  Wavelength  has  come  into  common  usage 

cause  it  is  directly  measurable  whereas  fluency  is  n()t.  found  150. 

tL.  A.  Jones  (1917,  p.  71)  found  128.  Wright  (Ut/,  p.  ) 

Other  numbers  have  also  been  reported. 
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data  shown  in  Fig.  M.  In  certain  spectral  regions,  differences  of 
about  1  nr/x  are  sufficient  for  a  visual  difference,  whereas  at  tire  extreme 
red  and  blue  ends  of  the  spectrum  5  or  6  n y  are  required 

One  of  the  most  important  features  of  spectral  light  in  the  study 
color  is  that  it  provides  simple  visual  stimuli.  Very  narrow  ^spec  ra 
regions  of  light  are  often  referred  to  as  "monochromatic  light  Fxact 
limits  on  the  wavelength  bands  are  seldom  specified,  but,  if  they  are 
narrower,  in  any  part  of  the  spectrum,  than  the  ordinate  given  by  the 
curve  of  Fig.  1-1,  it  is  evident  that  any  further  narrowing  would  not 
alter  the  visual  appearance.  This  suggests  that,  in  strict  usage,  the  term 
monochromatic  should  be  applied  only  when  the  wavelength  region  in¬ 
volved  is  less  than  that  of  a  just  discernible  difference.  Slightly  broader 
regions  have  the  hue  of  the  more  centrally  located  wavelengths  but  may 
be  slightly  less  saturated.  Identification  of  monochromatic  light  is  usu¬ 
ally  given  as  a  particular  wavelength  of  radiation,  as,  for  example,  500m/*, 
although  it  must  be  understood  that  the  wavelength  region  actually  in¬ 
cluded,  AA,  may  be  greater  or  less  than  1  ni/x. 


ACHROMATIC  LIGHT 

It  is  a  well-established  fact  that,  when  suitably  adapted,  the  eye  will 
detect  little  or  no  hue  in  light  which,  under  other  conditions,  is  seen 
to  have  a  fairly  high  saturation.  Any  color  with  which  the  observer  can 
associate  no  hue  is  called  hueless,  achromatic,  or,  sometimes,  neutral. 
In  almost  any  study  or  discussion  of  colors,  achromatic  colors  serve  as  a 
reference  base  in  analyzing  and  describing  the  others.  It  is  therefore  of 
considerable  importance  to  know  the  nature  of  the  particular  light 
stimuli  which,  under  any  given  set  of  viewing  conditions,  are  without 
hue. 

In  general,  the  colors  accepted  as  achromatic  are  closely  related  to 
the  particular  illuminant  under  which  the  observations  are  made.  The 
most  common  source  of  illumination  is  daylight,  which  is  a  combina¬ 
tion  of  sunlight  and  the  bluer  sky  light.  Daylight  is  ordinarily  consid¬ 
ered  achromatic.  Objects  which  have  the  same  reflectance  or  trans¬ 
mittance  at  all  visible  wavelengths  are  called  “nonselective,”  and  the 
light  from  a  nonselective  object  as  seen  in  daylight  is  also  usually  ac¬ 
cepted  as  hueless  or  achromatic.  Daylight  is  not,  of  course,  of  invariant 
spectral  distribution,  but  its  fluctuations  are  usually  apparent  only  under 

extreme  conditions,  as  at  sunrise  or  sunset,  or  when  there  is  marked 
cloudiness. 

Probably  the  next  most  common  sources  of  illumination  are  the  in¬ 
candescent  lamps.  As  they  have  spectral  distributions  similar  to  the 
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theoretical  distributions  of  black-body  radiators,  the  approximate  physi¬ 
cal  nature  of  incandescent  lamp  radiation  can  be  specified  by  a  single 
parameter,  that  of  color  temperature.  The  color  temperatures  of  the 
light  from  ordinary  electric  lamps  are  in  the  range  from  about  2,300°  K 
to  2,900°  K.  If  viewed  in  direct  comparison  with  daylight,  the  light 
from  these  lamps  would  be  seen  as  decidedly  yellow  or  orange.  Side  by 
side,  without  daylight  comparison,  the  light  would  appear  to  vary  from 
blue,  on  the  high-temperature  side,  to  yellow  on  the  low  side.  If  any 
one  is  used  by  itself  as  a  source  of  illumination,  however,  its  hue  is 
much  less  apparent. 

A  highly  chromatic  light  source  will  be  seen  to  have  definite  hue 
even  when  used  as  the  sole  source  of  illumination,  but  its  saturation 
will  be  far  less  than  it  would  be  if  seen  in  comparison  with  daylight  or 
ordinary  tungsten  light.  If  a  number  of  nonselective  surfaces  which 
differ  in  total  reflectance  are  viewed  in  such  illumination,  those  with 
high  reflectance  will  appear  as  of  the  same  hue  as  the  illuminant.  With 
decrease  in  reflectance,  the  saturation  will  decrease  until,  for  some  par¬ 
ticular  reflectance  value,  the  light  may  be  seen  as  achromatic.  Still 
further  decreases  in  reflectance  yield  colors  which  are  opposite  in  hue, 
or  complementary,  to  the  illuminant  (Helson,  1938,  p.  449).  The  same 
phenomenon  is  seen  with  light  sources  of  low  saturation,  but  to  a 
much  less  marked  degree. 


As  is  evident  from  the  preceding  discussion,  the  light  which  is  accept¬ 
able  as  achromatic  is  a  function  of  the  viewing  conditions.  If  there 
is  one  major  illuminant  by  which  a  whole  scene  is  viewed  and  if  its  dis¬ 
tribution  approaches  that  of  daylight,  or  of  the  high-temperature  tung¬ 
sten  lamps,  the  light  from  most  nonselective  reflecting  objects  will  be 
seen  as  achromatic.  These  conditions  are  usually  sufficient  and  will 
ordinarily  be  taken  as  the  criterion  in  defining  achromatic  colors. 

There  still  remains  the  question  whether  there  is  a  spectral-energy  dis¬ 
tribution  (or  series  of  them)  which  is  achromatic  to  the  eye  not  in  a 
state  of  chromatic  adaptation.  A  number  of  investigators  have  at¬ 
tempted  to  locate  such  a  color  and  usually  have  referred  to  it  as it  e 
“absolute  white  point/'  One  such  study  was  made  by  Priest  (19  1). 
lie  confined  his  attention  to  black-body  distributions  in  the  corn 
temperature  range  from  about  4,000°  K  to  7,000°  K.  The  color  tenapera- 
ture  associated  with  achromatic  light  was  found  to  extend  from  4,850  k 
to  5,400°  K,  with  an  average  of  about  5,200°  K.  The  appearance  o 
such  radiation  conforms  closely  to  that  of  noon  sunlight  for  VV  ash- 
ington  D.  C.,  where  the  tests  were  conducted.  Priest  also  found  t 
previous  exposure  to  chromatic  light  had  an  effect  on  the  determination 
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of  the  achromatic  point,  but  that  the  effect  largely  disappeared  with 
10  to  15  min  of  dark  adaptation. 

A  later  study  of  the  black-body  stimuli  which  appear  as  white  under 
various  viewing  conditions  has  been  reported  by  Hurvich  and  Jameson 
(1951).  The  essence  of  their  findings  can  best  be  summarized  with  re¬ 
spect  to  one  of  their  illustrations,  reproduced  in  Fig.  T2.  In  this  figure 
the  minimum  stimulus  luminance  necessary  to  evoke  the  sensation  of 
white  is  plotted  as  a  function  of  color  temperature.  The  particular 
curve  is  for  one  observer  when  the  viewing  takes  place  for  1-sec  periods 
in  an  11.7°  test  field  following  10-min  periods  of  dark  adaptation. 


I' 1G-  1 ' 2  Minimum  luminance  of  a  black-body  stimulus  necessary  to  evoke  the 
sensation  of  white  as  a  function  of  color  temperature  (Hurvich  and  Jameson,  1951, 
p.  526). 


Under  these  conditions  any  luminance  and  color  temperature  combina¬ 
tion  corresponding  to  a  point  in  the  region  above  the  curve  is  seen  as 
white;  any  combination  corresponding  to  a  point  below  it  is  seen  as 
blue,  yellow,  or  possibly  achromatic,  though  not  white. 

d  he  white  threshold  contour  for  this  observer  has  a  minimum  value 
of  about  6  mL  at  a  color  temperature  of  5,500°  K.  For  two  other  ob¬ 
servers  there  were  similar  threshold  contours.  For  one  of  these  observers 
the  minimum  was  near  7,500°  K.  The  threshold  values  were  5  mL 
and  13  mL.  Varying  field  sizes  showed  a  distinct  maximum  for  the 
white  threshold  at  intermediate  sizes.  These  maxima  occurred  between 
about  5°  and  12°.  An  increase  in  stimulus  viewing  time  to  5  sec  indi¬ 
cated  a  lowering  of  the  luminance  thresholds  for  white,  with  but  little 
change :  in  the  general  shapes  of  the  contour  curves.  Preadaptation  to 
ight  of  vanous  color  temperatures  was  found  to  displace  the  minimum 
threshold  in  the  direction  of  the  adapting  light. 

from  ITT1'?1  mattf’  the  Hght  fr°m  m0St  normal  i'luminants,  and 
from  nonse  lective  surfaces  as  seen  under  them,  will  appear  as  achro 

mat.c.  Unless  otherwise  specifically  indicated,  these  criteria  rafter 

than  one  involving  absolute  white,  will  be  used  in  deciding  whether  a 

p  rticular  hght  stimulus  is  to  be  accepted  as  achromatic. 

7 


Color  Matching 

Color-matching  data  are  obtained  by  means  of  a  colorimeter.  There 
are  a  number  of  different  types  of  colorimeters,  one  of  which  is  illustrated 
in  Fig.  1-3.  The  details  of  any  particular  design  need  not  concern  us 
here,  but  there  are  a  few  general  features  of  importance.  Basically,  the 
instrument  is  one  which  presents  to  the  eye  of  an  observer  two  juxta- 


Fig.  1  •  3  Wright  colorimeter.  An  image  of  the  light  source  is  focused  by  a  con¬ 
denser  lens  onto  the  slit  of  a  collimator.  The  parallel  beam  of  the  collimator  objec¬ 
tive  C  is  refracted  through  the  top  halves  of  the  two  dispersing  prisms  and  is  then 
incident  on  a  dividing  mirror  D.  The  portion  of  the  beam  reflected  by  the  mirror 
produces  a  spectrum  at  Wv  while  the  portion  passing  through  the  mirror  forms  a 
spectrum  at  \V2.  Prisms  at  Wj  and  W2  reflect  selected  regions  of  the  spectra 
These  return  through  the  prism  system  to  form  two  halves  of  the  photometer  fie  d 
at  P.  One  half  contains  a  mixture  of  the  spectral  regions  selected  bv  the  prisms  at 
Wo  and  the  other  contains  those  selected  at  Wj  (W  right,  1947,  p.  47). 


posed  fields  of  light,  usually  of  different  spectral  composition  Controls 
available  to  the  observer  enable  him  to  vary  the  intensities  of  the  color 
components  of  the  two  stimuli.  Depending  upon  the  particular  ex¬ 
periment  involved,  the  observer  adjusts  the  controls  to  obtain  a  com¬ 
plete  visual  match,  a  match  with  respect  to  some  one  selected  charac¬ 
teristic  or  some  predetermined  amount  of  difference  from  a  ma  c 
tleen  the  two  stimuli.  By  means  of  calibration  curves  for  the  ms  rn- 
ment,  scale  readings  on  the  control  settings  can  then  he  converted 

"'xhffieldfof  the  colorimeter  arc  usually  adjusted  to  subtend  about 
2°  at  the  eye.  This  confines  the  light  stimulus  to  the  region  of  the  . 
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r,  H  **• 

color-mixture  data  can  be  secured  for  other  retinal  reg.ons  througl  p 
vision  of  small  auxiliary  lights  for  fixation. 


COMPLEMENTARY  COLORS 

The  effect  of  mixing  any  monochromatic  light  with  another  mono¬ 
chromatic  light  of  slightly  different  wavelength  is  to  give  a  color  of  hue 
intermediate  between  the  two,  but,  depending  on  the  wavelength,  the 


Fig.  1-4  Complementary  wavelengths  for  the  CIE  standard  observer  with  CIE 
llluminant  C  (Hardy,  1936,  p.  31). 

saturation  may  be  slightly  lower  than  the  monochromatic  radiation  of 
the  same  hue  as  the  mixture.  Greater  wavelength  separations  give 
further  reductions  in  saturation.  Pairs  of  widely  separated  wavelengths 
can  be  found  which,  when  mixed  in  the  proper  proportions,  combine  to 
match  neutral,  or  achromatic,  light.  Such  pairs  are  called  comple¬ 
mentary  colors,  and  each  of  the  colors  is  said  to  be  a  complement  of 
the  other. 

Figure  1  -4  indicates  the  specific  spectral  wavelengths  which  are  com¬ 
plementary  for  the  CIE  standard  observer  (see  Chapter  II)  when  the 
achromatic  stimulus  is  taken  as  CIE  llluminant  C.  Roughly  speaking, 
blue  and  yellow  are  complementary  to  each  other,  as  are  red  and  blue- 
green.  For  the  pure  greens  and  the  greenish  yellows,  there  are  no  com¬ 
plementary  colors  in  the  spectrum. 

In  describing  pairs  of  colors  as  complementary,  it  is  not  necessary 
that  they  be  pure  spectrum  colors.  Two  colored  lights  are  said  to  be 
complementary  if  they  can  be  mixed  in  some  ratio  to  match  an  achro- 
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matic  stimulus.  Thus,  there  is  no  single  complement  to  any  given 
color.  Rather,  there  is  a  series  of  such  colors,  varying  in  saturation  and 
in  brightness.  It  is  also  important  to  note  that  the  description  of  two 
colors  as  complementary  implies  a  particular  achromatic  color,  as  well 
as  a  particular  observer. 

Although  the  pure  greens  have  no  spectral  complements,  nonspectral 
complementary  colors  can  be  found  for  them  in  mixtures  of  red  and 
blue.  These  mixtures  constitute  the  series  of  purples.  The  hues  of  the 
purples  extend  beyond  the  range  of  the  spectral  hues  to  form  a  continu¬ 
ous  closed  curve  around  the  achromatic  point. 

MONOCHROMATIC-PLUS-WHITE  SYSTEM  OF  COLOR 
DESCRIPTION 

Colors  can  be  described  conveniently  in  terms  of  other  colors  which 
they  match.  The  reference  colors  must  be  those  which  can  be  specified 
physically  and  against  which  the  unknowns  can  be  compared.  The  ref¬ 
erence  colors  may  consist  of  a  small  number  of  basic,  or  primary,  colors, 
which  are  combined  in  various  ways  to  produce  mixtures,  or  they  may 
be  complete  sets  which  extend  throughout  the  gamut  of  all  colors,  and 
with  which  the  unknowns  can  be  compared  directly.  Specific  s>  stems 
of  color  description  will  be  discussed  more  fully  in  the  next  chapter;  a 
few  of  the  general  principles  will  be  developed  here. 


One  means  of  describing  colors  which  is  used  extensively  is  the 
"monochromatic-plus-white  system.”  This  system  is  based  upon  the 
principle  that  in  a  colorimeter  any  color  can  be  matched  by  a  suitable 

.  .  •  1  *  1  i J  ./%«/%AhrAmoflD  1  1  fT ll f  H T"  ^  IS  t"TllC  1 01" 


colorimetric  purity  of  zero,  and 
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monochromatic  light  a  colorimetric  purity  of  100  percent.  It  is  in  this 
last  respect  that  the  nature  of  the  distinction  between  saturation  and 
colorimetric  purity  is  apparent.  All  spectrum  colors  do  not  appear  to 
be  equally  saturated.  As  saturation  is  concerned  with  appearance,  and 
appearance  alone,  it  is  evident  that  the  various  spectrum  colors,  there¬ 
fore,  are  not  equally  saturated. 

Instead  of  specifying  the  intensities  of  the  achromatic  and  of  the 
spectral  light,  a  common  practice  in  the  monochromatic-plus-white  sys¬ 
tem  is  to  give,  in  addition  to  the  dominant  wavelength,  the  colorimetric 
purity  and  the  visual  intensity.  The  advantage  of  so  doing  is  that  the 
parameters  obtained  correspond  more  closely  to  the  visual  attributes. 
Although  this  advantage  is  real,  it  must  not  be  pressed  too  far,  because 
dominant  wavelength  is  not  hue  and  colorimetric  purity  is  not  satu¬ 
ration. 


TRICHROMATIC  SYSTEMS 


As  the  name  indicates,  trichromatic  systems  involve  the  idea  that  any 
color  can  be  matched  by  some  combination  of  three  given  colors,  called 
primaries.*  Such  systems  are  exceedingly  useful,  both  as  a  means  of 
specifying  colors  and  of  determining  these  specifications  from  physical 
measurements  for  an  assumed  standard  observer,  without  the  necessity 
of  an  intervening,  real  observer. 

In  the  actual  use  of  a  colorimeter,  it  is  found  that  few  spectrum  colors 
can  be  matched  completely,  regardless  of  the  choice  of  primaries.  To 
obtain  a  match  for  the  bluish  green  part  of  the  spectrum  at  about 
500  ni/i,  for  example,  mixtures  of  the  blue  and  green  primaries  can  be 
made  which  match  the  sample  color  in  hue,  but  which  are  of  lower 
saturation.  Any  addition  of  the  red  primary  to  this  mixture  would,  at 
best,  not  improve  the  hue  match  and  would  make  the  saturation  dif¬ 
ference  even  greater.  If,  however,  the  red  were  to  be  added  to  the 
sample  color  instead  of  to  the  two  primaries,  a  complete  match  could 
3e  obtained,  do  illustrate  with  some  specific  primaries,  suppose  that 
the  three  used  are  monochromatic  with  the  red  at  650  mM,  the  green  at 
530  mM,  and  the  blue  at  460  m /*.  Unit  amounts  of  each  primary  will 
be  taken  as  those  which  are  equally  bright.  For  the  match  involving 

(sTJan'dGuM™  Tl' *°  “  primaries-  unit^ 

rvc  f  k-  ’  ,  .  ,  ,  P-  74),  and  matching  stimuli  (Wright  1947  D  451 
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the  monochromatic  color  at  500  m/i,  a  unit  amount  of  this  color  added 
to  0.242  units  of  the  red  primary  would  match  a  mixture  of  1.205  units 
of  the  green  primary  with  0.037  units  of  the  blue  primary.* 

In  equation  form  this  match  might  be  described  as: 

C50o  +  0.242R  =  1 .205G  +  0.037B  (1  •  la) 

in  which  C50o  is  the  sample  color  at  500  m/x;  R,  G,  and  B  are  the  three 
primaries  mentioned  above;  and  the  equality  sign  means  a  visual  match. 

In  other  parts  of  the  spectrum,  similar  matches  could  be  made,  usually 
with  one  of  the  primaries  appearing  on  the  left  side  of  the  equation 
(with  the  sample  color)  and  the  other  two  primaries  on  the  right.  For 
a  red  at  600  niju,  the  matching  equation  would  be: 

C600  +  0.00  IB  =  0.734R  +  0.266G  (1  •  1  b) 

For  a  violet  at  430  m n  the  equation  would  be: 

C430  4-  1.106G  =  0.77 1R  4-  1.335B  {1-U) 

As  these  matching  equations  indicate,  and  as  shown  in  Fig.  1-3, 
provision  must  be  made  in  the  colorimeter  for  the  adding  of  each  pn- 

mary  to  either  color  patch.  ,  ,  .  .  , 

The  procedure  just  described  solves  the  problem  of  obtaining  colors 

which  can  be  made  to  match  each  other,  but  the  colors  actually  matched 
are  not  those  of  the  spectrum.  To  isolate  the  pure  spectrum  colors 
it  would  be  necessary  to  subtract  the  amount  of  ad  e  primary  "  ' 
had  made  the  match  possible.  In  the  match  indicated  by  equation 
1 .  la  for  example,  this  would  mean  the  removal  of  0.242R  from  the 
mixture  with  the  C5„„.  If  tins  is  done,  and  the  match  is  to  continue, 
the  same  amount  0.242R,  must  also  be  subtracted  from  the  mixture 
indicated  "n  the  dght-hand  side  of  the  equation.  The  resulting  equa- 

tion  would  be  as  follows: 

r _ o  242R  4-  1.205G  4-  0.037B  (\-2a) 

Physically,  there  is  no  way  of  making  a  match  such  as  that  mdicate  J 
the  equation,  because  negative  amounts  of  the  red  P"1™1^  '  f  ,]y 

The  equation,  nevertheless,  has  meaning  and,  as  will  be  V 

demonstrated,  is  extremely  useful  rewritten  as: 

In  the  same  manner,  equations  Mb  and  1  ic  can  u 

C600  =  0.734R  4-  0.266G  -  0.001B  0  J,) 

C430  =  0.77 1R  -  1-106°  +  '-335B 

.  The  data  used  here  and  subsequently  are  from  Wrighfs  (M8-.42,)  expen- 
ments. 
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In  each  of  the  equations  from  1*1  a  to  1-2 c,  R,  G,  and  B  represent 
specific  amounts  of  three  monochromatic  wavelengths  (650  m/x,  530  m/x, 
and  460  m/x,  respectively).  These  amounts,  or  units,  are  those  which 
are  equally  bright.  Unit  quantities  of  the  primaries  could  be  defined, 
however,  in  terms  of  any  absolute  or  relative  amounts  of  energy  or 
brightness.  In  actual  practice,  unit  quantities  of  the  three  primaries 
are  usually  defined  as  those  which  in  combination  give  an  achromatic 
color. 

The  three  primaries  used  in  the  preceding  equation  combine  in  ratios 
of  0.666  for  red,  1.000  for  green,  and  0.052  for  blue  to  match  a  black- 
body  radiator  at  a  temperature  of  4,800°  K.  Designating  this  light  as 
S,  the  matching  equation  would  be  given  by: 


S  =  0.666R  4-  1 -000G  4-  0.052B 


A  new  set  of  equations,  in  which  unit  quantities  are  defined  as  those 
combining  to  match  the  achromatic  light,  may  be  obtained  from  the 
previous  ones  by  dividing  the  coefficients  of  R  by  0.666,  of  G  by  1.000, 
and  of  B  by  0.052.  The  resulting  equations  are: 


C5oo  =  -0.364R  +  1.205G  4-  0.7 19B 
C600  =  1.102R  4-  0.266G  -  0.010B 

C430  =  1.158R  —  1.106G  4-  25.677B 


d-3) 


In  this  case,  the  amounts  of  R,  G,  and  B  are  so  chosen  that  S  = 
R  +  G  4-  B. 

The  equations  as  just  given  represent  equal  brightnesses  for  the  three 
sample  colors.  Often  it  is  not  the  amounts  of  primaries  which  will 
match  a  particular  brightness  that  is  desired,  but  rather  their  reUf.W 


wxjuduum  unrainea  are: 


C5oo  =  -0.233R  4-  0.772G  4-  0.461B 
ceoo  =  0.81 1R  4-  0.1 96G  -  0.007B 

C43o  =  0.045R  —  0.043G  4-  0.998B 


Equations  in  this  form 
tions.” 


form  are  commonly  referred  to  as  “trichromatic  equa- 


13 


BASIC  ASSUMPTIONS  OF  TRICHROMATIC  SYSTEMS 


Before  undertaking  a  detailed  consideration  of  how  and  for  what 
purposes  trichromatic  systems  are  used,  it  is  well  to  have  clearly  in  mind 
the  assumptions  on  which  the  whole  structure  rests.  First,  it  should  be 
noted  that  no  postulates  are  necessary  as  to  the  physiological  or  psycho¬ 
logical  nature  of  the  visual  mechanism.  For  example,  we  need  not  ac¬ 
cept,  reject,  or  even  investigate  the  Young-IIelmholtz  (Young,  1845,  pp. 
344-345;  Helmholtz,  1924,  pp.  142-146)  three-receptor  hypothesis  (see 
Parsons,'  1924,  pp.  225-266).  The  facts  used  by  trichromatic  colorimetry 
are  those  which  led  to  the  three-receptor  hypothesis.  Trichromatic  col¬ 
orimetry  makes  use  of  these  facts  and  not  the  hypothesis. 

Two  principles  or  laws  which  appear  to  follow  directly  from  the  re¬ 
sults  of  matching  experiments,  and  which  are  fundamental  to  the  whole 
field  of  colorimetry,  including  trichromatic  systems,  may  be  stated  as: 


1  Given  variable  amounts  of  three  independent  colors  and  any  fourth  fixed  color, 
a  match  can  be  made  between  one  or  a  mixed  pair  of  these  and  a  mixture  ot  the 

remaming  colors^  ^  mixture  is  not  altered  by  replacing  a  component  of  that  mix¬ 
ture  by  a  color  matching  the  component. 

By  “three  independent  colors"  is  meant  a  set,  no  two  of  which  can 
be  combined  to  match  the  third.  There  is  no  other  necessary  limitation 
on  the  choice  of  the  colors  as  far  as  these  general  principles  are  con¬ 
cerned  The  three  colors  are  commonly  referred  to  as  priman  , 
aaa"n  this  docs  not  imply  any  uniqueness  other  than  a  set  of  starting 
cote  with  which  matches  are  to  be  made.  Within  a  wide  range  of 
intensities  the  fourth  color  may  be  selected  without  limitation. 

The  two  principles  embody  results  obtained  in  large  numbers  o 

color-matching  experiments.  They  are  H 

experimental  conditions  as  well  as  of  the  collected  a  ^ 

tions  were  discussed  in  connection  with  the •  as  ..within 

The  principles  could  also  be  qua  i  e  by  t  ^  general  nature 

Kd  this  point  to  render  unnecessary  any  de- 

were  to  confine  the  stated  pniicip  e  - 1  fcw  minor  reservations,  how- 
have  been  most  carefully  tested.  rmal  viewing,  and,  un- 

ever,  they  seem  to  hold  reasonaWy  wed  m  "°  ™  ;erais  g'it  ,  fairly 
less  there  are  exceptional  conditions  winch  sugge. 
safe  to  assume  that  they  can  be  applied. 
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If  a  given  color  stimulus  is  matched  by  a  mixture  of  three  primaries 
and  the  intensity  of  this  stimulus  is  then  altered,  the  relative  amounts 
of  the  three  primaries  necessary  for  a  match  at  the  second  intensity  will, 
in  general,  be  the  same  as  for  the  first.  At  low  intensities,  approaching 
those  of  the  scotopic  level,  such  matches  may  fail  (Albert,  1882,  Ladd- 
Franklin,  1893  and  1929,  pp.  62-63;  Ebbinghaus,  1893),  and  they  may 
fail  also  at  exceedingly  high  intensities  of  adaptation  (Wright,  1936; 
1947,  p.  229);  these  extremes  arc  outside  the  range  with  which  we  shall 
be  concerned. 

A  general  mathematical  statement  of  the  first  principle  or  law  can 
be  given  as  follows:  Let  Pi,  P2,  and  P3  denote  the  first  three  colors,  or 
primaries,  and  C  the  fourth.  According  to  the  law,  an  equation  can 
then  be  written  in  the  form  of: 

C  =  nPi  4~  C2P2  +  £3^3  (1*5) 

where  ch  c2,  and  c3  indicate  the  proper  amounts  of  the  three  corre¬ 
sponding  primaries,  and  the  equality  sign  means  a  visual  match.  The 
quantities  Ci,  c2,  and  c3  are  signed  quantities;  they  may  be  positive  or 
negative.  To  obtain  the  actual  match,  those  which  are  positive  are 
mixed  together  and  any  that  are  negative  must  be  mixed  with  the  color 
corresponding  to  C. 

The  second  of  the  two  laws  provides  a  simple  means  of  analyzing 
complex  color  mixtures,  as  may  be  illustrated  by  the  following  example. 
Suppose  that  a  given  color  C  is  matched  by  a  mixture  of  two  other 
colors,  Ci  and  C2,  or: 

C  =  Ci  -f-  C2  (1  •  6a) 

Suppose,  also,  that  Ci  and  C2  are  matched  by  certain  combinations  of 
primaries  given  by: 

Ci  =  CuP,  4-  C12P2  4-  C13P3  (1*6^) 

C2  —  C21P1  4~  C22P2  4-  C23P3  (1 '6c) 

Then,  in  accordance  with  the  second  law,  Cx  and  C2  in  equation  l-6d 
can  be  replaced  by  their  matches  to  give: 

C  =  (cn  +  c21)Pi  +[(cl2  +  c22)P2  4-  (c13  4-  c2S) P3  (1 '6d) 

If  C  had  been  matched  by  a  mixture  of  more  than  two  colors,  Cu  C2 
C3,  •••,  exactly  the  same  process  could  be  extended  to  include  them! 

In  setting  up  a  trichromatic  system,  considerable  freedom  of  choice 
may  be  exercised  in  selecting  the  three  primaries.  It  is  not  essential 
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that  monochromatic  light  sources  be  used,  but,  if  they  are  not,  the 
maximum  saturations  of  the  colors  obtainable  in  actual  matches  are  lim¬ 
ited  even  though  all  hues  may  be  available.  High  saturation  cannot  be 
obtained  in  deep  reds  unless  there  is  a  primary  from  this  region  of  the 
spectrum.  Similarly,  highly  saturated  blues  and  violets  can  be  obtained 
only  with  a  primary  in  this  region.  The  deep  red  and  deep  blue  pri¬ 
maries  will  also  give  purples  of  greater  saturation  than  will  reds  of 
shorter  wavelength  or  blues  of  longer  wavelength.  Likewise,  the  spectral 
location  of  the  green  primary  will  affect  the  saturations  which  may  be 
matched  in  the  central  portions  of  the  spectrum.  A  primary  that  is  too 
yellowish  will  reduce  the  saturations  obtainable  in  the  blue-greens,  and 
a  primary  that  is  too  bluish  will  reduce  the  saturations  of  the  yellows 

obtainable. 

In  summary,  a  trichromatic  system  may  be  said  to  consist  of  three 
physically  specified  primaries,  along  with  a  prescribed  procedure  whereby 
colors  can  be  expressed  in  terms  of  the  amounts  of  these  three  pri¬ 
maries  necessary  to  match  them.  The  term  match,  as  here  applied,  need 
not  be  interpreted  literally  as  an  actual  match  of  the  primaries  against 
the  other  colors,  but  rather  in  the  sense  of  a  color-matching  equation. 
Thus,  negative  amounts  of  one  or  more  of  the  primaries  may  be  indi¬ 
cated  in  the  match. 


COLOR-MIXTURE  CURVES 

The  experimentally  determined  color-matching  equations  which  are 
of  greatest  application  in  colorimetry  are  those  in  which  matches  for 
narrow-wavelength  regions  of  light  throughout  the  spectrum  are  e, 
nrcssed  in  terms  of  three  chosen  primaries.  The  coefficients  ot 

r*  A:  “  i 

them  hem  “c0,0™f^  C“"dard  taFfc.  T-S. 

thet.cal  observer  (the  monochromatic  stimuli  at  700  m* 

The  primaries  in  this  case  are  ^  ^  ^  ammmt  of  the  blue 

546.1  m/1,  and  435.8  /*.  For  wavelengths  shorter  than 

primary  involved  is  osent .  ■ •  •  imary  are  ncgative;  above 

25  Z 

rcd'coefficients  are  at  the  longer  wavelengths; 
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Fig.  1*5  Color-mixture  curves  for  the  CIE  standard  observer  with  monochromatic 
primaries  at  700  m/i,  546.1  m^,  and  435.8  m/*  (Smith  and  Guild,  1931-1932,  pp. 
94-95). 
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between  546.1  m ^  and  435.8  m /z  they  are  negative,  and  for  shorter  wave¬ 
lengths  than  435.8  m fx  they  become  positive. 

The  data  shown  in  Fig.  1-5  represent  an  average  for  a  number  of  dif¬ 
ferent  observers.  The  curves  for  ten  individual  observers  as  obtained 
by  Wright  are  shown  in  Fig.  1-6.  The  primaries  in  this  case  are  mono¬ 
chromatic  radiations  at  the  wavelengths  650  m/x,  530  m/x,  and  460  n\[x. 


transformation  of  color- mixture  curves 
FROM  ONE  SET  OF  PRIMARIES  TO  ANOTHER 

In  determining  experimentally  the  color-mixture  curves  for  the  eye, 
any  one  of  a  large  number  of  different  possible  sets  of  primaries  may  be 
used.  Once  the  data  have  been  collected  for  the  one  particular  set,  it 
is  often  desirable  to  determine  what  the  corresponding  curves  would  be 
for  a  different  set.  On  the  basis  of  the  two  principles  discussed  earlier 
in  the  chapter,  this  determination  may  be  accomplished  mathematically 
by  a  homogeneous  linear  transformation. 

Let  the  three  original  primaries  be  denoted  by  Pi,  P2,  and  P3.  Lac  1 
of  these  symbols  represents  a  specific  physical  amount  of  monochro¬ 
matic  light  at  a  given  wavelength.  The  original  choice  in  wave  eng  is 
is  somewhat  arbitrary-the  only  absolute  requirement  being  that  no  two 
primaries  can  be  combined  to  match  the  third.  In  Practice  ^  ^ 
venient  to  choose  them  from  the  red,  green,  and  blue  portions  of  the 
spectrum.  The  specific  amounts  of  the  primaries  are  so  chosen  that 
they  combine  to  match  a  given  achromatic  color  S,  or: 

S>P1  +  P2  +  P3  (1<7) 

Let  us  denote  the  second  set  of  primaries  as  Qi,  Q2,  and  Q3.  The 
problem  of  “he  transformation  is  that  of  taking  a  color-matching  equa¬ 
tion  in  terms  of  P„  P,  and  P*  and  expressing  .t  in  terms  j 

„  Dne  nrereouisite  for  such  a  transformation  is  that  there  De  avail 
Qs*  L)ne  pr  q  1.  r  ui  „  quality  as  each  of  0111 

able  a  matching  equa  ion  or  t  q|K.  equations  will  be 

second  set  of  primaries  in  terms  of  the  hrst  set.  i 

in  the  form  of:  _  ,uPl  +  „12P2  +  ^Ps 

/I  O') 

Q,/  =  «2lPl  +  #22P2  +  ^23P3 
Q/  =  a3l  Pi  +  a32P2  +  ^33P3 

In  these  equations  the  a’s  arc  constants  (P°s*"e  °T  of  tl'e  same 
values  are  assumed  to  be  known,  and  Q, ,  Qn >  •  V*  not 

wavelengths,  or  wavelength  distributions,  as  Q„  Q*  Vs. 
necessarily  of  the  same  intensities. 
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Equations  1-8  can  be  solved  simultaneously  to  give  Pi,  P2,  and  P3  as 
functions  of  Q/,  Q>',  and  Q 3'.  The  equations  will  be  in  the  form  of: 

Pi  =  hlQl  +  b12Q2  +  hsQs' 

P2  =  ^2 1  Q 1  ’  T*  ^22  (1‘9) 

P3  =  ^3lQl  +  ^32Q2/  +  ^33  Q3^ 

where 

^22^33  —  a23a32 
11  =  - 


^11 

^12 

^13 

^21 

a22 

^23 

^31 

a 32 

co 

CO 

and  so  on. 

The  b's  of  this  set  of  equations  are  functions  of  the  as  of  equations 
1  -8,  and  therefore  all  their  values  can  be  determined. 

Applying  equation  1*7,  it  is  evident  that: 


S  —  (^11  +  ^21  +  t*i)Qi'  +  (^12  +  &22  +  A32)  Q2r 

+  (^13  +  ^23  +  ^33)  Q3'  (1  •  10a) 
If  the  new  primaries  arc  to  be  chosen  so  that: 


S  —  Qi  +  Qj  +  Q3  (1  •  10^) 

it  follows  that: 

Qi  =  (^11  +  ^21  +  ^3 1 )  Q 1 ; 

Q2  =  (^12  +  b22  +  b32)Q2'  (1  - 11) 

Q3  =  (^13  +  ^23  +  ^33)Q3r 
Therefore,  using  equations  1*9: 


where 


P 11  = 


pi  =  P11Q1  +  P12Q2  +  P13Q3 
P2  =  P21Q1  +  p22Q2  +  P23Q3 

P3  =  7>3lQl  +  p32Q2  +  P33Q3 
*11  h 
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*H  +  *21  +  *31  Pl2  b12  +  b22  +  b, 


and  so  on. 

Any  equation  for  a  color  C  expressed  in  terms  of  the 
and  P3: 


32 


(M2) 


primaries  P2,  P2, 


^  ~  ci^i  +  c2P2  +  C3P3 
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(M3«) 


can  now  be  equally  well  expressed  in  terms  of  the  second  set  of  pri¬ 
maries  Qi,  Q-,  and  Q3,  as: 

C  =  diQx  +  ^Q2  +  (1-13^) 

where 

d\  —  p\\C\  +  p2i^2  T  p3\c3 
d 2  =  P\2C  1  +  P22.C2  +  P32C3  (1*14) 

^3  —  p\3c\  +  p23c2  +  P33C3 


If  in  the  original  equation  the  coefficients  sum  to  unity,  that  is, 
Ci  +  c2  +  c3  =  1,  it  would  not  necessarily  follow  that  the  sum  of  the 
coefficients  in  the  transformation  equation  would  sum  to  unity.  By 
dividing  the  actual  sum  into  each  of  the  d's  in  turn,  however,  coeffi¬ 
cients  which  sum  to  unity  can  be  obtained. 


Fusion  of  Colors 

There  are  both  temporal  and  spatial  limits  on  the  extent  to  which  the 
eye  can  separate  light  stimuli.  Two  or  more  colors  may  therefore  appear 
to  be  homogeneously  mixed  even  though  they  are  not  actually  physically 
combined.  This  fact  is  of  considerable  importance  in  the  study  of 
characteristics  of  vision  and  in  many  phases  of  both  black-and-white 
and  color  photography. 


ALTERNATION  OF  STIMULI 

If  two  light  stimuli  are  presented  alternately  at  the  same  position  in 
the  field  of  vision,  they  can  be  seen  as  separate  and  distinct  only  at  low 
frequencies  of  alternation.  In  passing  from  low  to  relatively  high  fre¬ 
quencies,  the  effect  is  first  a  rather  uncomfortable  pulsating  sensation 
in  which  the  actual  hues  and  brightnesses  may  be  distorted,  later  pass¬ 
ing  into  a  flicker  comparable  to  a  gentle  ripple.  As  the  frequency  con¬ 
tinues  to  increase  the  amplitude  of  the  ripple  seems  to  become  smaller 
and  smaller  until  it  disappears  and  the  two  stimuli  appear  to  be  fused 
into  one  If  the  stimuli  are  colors  which  differ  both  in  hue  and  bright¬ 
ness,  the  hue  differences  will  disappear  at  lower  frequencies  than  will 

the  brightness  differences  (Ives,  1912d,  p.  156).  ,  , 

The  brightness  sensation  produced  by  two  alternating,  but  fused, 
stimuli  is  a  function  solely  of  the  sum  of  the  products  of  each  stimulus 
duration  and  its  intensity.  This  principle  was  discovered  by  1  albot 
(1834)  in  connection  with  some  very  early  investigations  of  the  opera- 
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Hon  of  rotating  sectional  disks.  A  statement  of  the  principle  as  given 
by  Helmholtz  (1924,  Vol.  2,  p.  207)  is: 

“When  a  certain  place  on  the  retina  is  stimulated  always  in  the  same 
way  by  regular  periodic  impulses  of  light,  then,  provided  each  recurrent 
stimulus  is  sufficiently  short-lived,  the  result  is  a  continuous  impression, 
equivalent  to  what  would  be  produced  if  the  light  acting  during  each 
period  were  uniformly  distributed  over  the  entire  time. 

Talbot’s  law  applies  to  the  chromatic  sensations  resulting  from  the 
alternation  of  two  stimuli  as  well  as  it  does  to  the  resulting  brightness. 


Fig.  1-7  Critical  flicker  frequencies  of  several  different  wavelengths  of  light  as 
functions  of  log  intensity  (Hecht,  Shlaer,  and  Smith,  1935,  p.  241). 

I1  or  example,  red  and  yellow  lights,  alternately  flashed  with  sufficient 
speed  to  fuse,  will  give  an  orange,  the  exact  shade  of  which  will  depend 
upon  the  relative  intensities  of  the  two  lights  and  the  durations  of  their 
flashes.  Ir  the  time-intensity  integral  for  each  light  were  to  be  averaged, 
over  the  total  cycle,  and  the  resulting  averages  were  to  be  viewed  simul¬ 
taneously,  the  resulting  color  would  be  identical  with  that  obtained 
from  the  alternating  flashes. 

The  lowest  frequency  required  for  the  disappearance  of  the  flicker  of 
an  intermittent  light  source  alternating  with  complete  darkness  is  called 
the  critical  flicker  frequency.”  Critical  flicker  frequencies  as  functions 
ot  log  intensity  for  different  spectrum  colors  are  shown  in  Fig.  1*7.  In 
the  higher-intensity  region  all  the  curves  are  superimposed.  In  the 
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lower  intensities,  or  seotopic  region,  the  curves  separate,  those  for  the 
longer  wavelengths  of  light  having  the  steepest  slopes.  Near  the  transi¬ 
tion  region  the  curve  for  blue  light  is  seen  to  be  practically  horizontal. 


Fig.  1-8  The  least  detectable  percentage  illuminance  differences  of  white  light  as 
a  function  of  flicker  frequencies  for  photometer  illuminances  in  foot-candles  of  (a) 
0.1,  (b)  0.15,  (c)  0.2,  (d)  0.5,  (e)  1.0,  ( f )  2.0,  and  (g)  4.0  (Dow,  1907,  p.  256). 

The  least  detectable  brightness  differences  as  functions  of  flicker  fre¬ 
quencies  for  two  white  lights  at  several  brightness  levels  are  shown  in 
Fig.  1-8.  The  minimum  detectable  differences  are  slightly  less  than 
2  percent  at  photometer  illuminances  above  about  0.5  ft-c  and  with 
flicker  frequencies  between  10  and  15  cycles  per  sec.  1  he  detectable  dif- 


o 

<v 

l/) 

50 

t/> 

_a; 

o 

40 

(J 

> 

a 

30 

c 

z> 

cr 

20 

a> 

"to 

10 

u 

0 

k_ 

o 

(a) 

(b) 

✓ 

*  / 

/ 

/ 

/ 

* 

/ 

r  / 
/ 

* 

“  ”  — ■ — 

• 

e;  (■ 

-3  -2 

Log  retinal  illumination  (photons) 

Fir  1-9  Relation  between  critical  flicker  frequency  and  log  intensity  for  white 
light  with  a  2°  field  in  three  retinal  locations,  (a)  the  fovea,  (b)  5  a  x>ve  t  ic  ovea, 
and  (c)  15°  above  the  fovea  (Hecht,  Shlaer,  and  Smith.  1985,  p.  288). 

ferences  rise  at  the  two  ends  of  the  curves  for  quite  different  reasons^ 
At  the  high-frequency  end  it  is  because  of  complete  fusion  of  the  two 
alternating  lights;  at  the  low-frequency  end  good  discnmina  ion  is  n 
terfered  with  by  the  extreme  slowness  of  the  brightness  pulsations. 
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The  critical  frequency  for  white  light  depends  upon  the  intensity  and 
upon  the  part  of  the  retina  illuminated.  At  low  intensities  fusion  takes 
place  at  higher  frequencies  outside  the  fovea  than  within  it;  at  high 
intensities  the  converse  is  true.  '1  his  is  illustrated  in  Fig.  1-9. 


Retinal  illumination  (photons) 

Fig.  1T0  Fusion  flicker  frequencies  of  white  light  alternating  with  each  of  four 
different  colors,  as  a  function  of  field  intensity  (Troland,  1916b,  p.  261). 

Other  flicker  effects  are  shown  in  Figs.  1-10  and  1-11.  Both  figures 
represent  data  collected  using  one  stimulus  which  was  chromatic  and 
one  that  was  achromatic.  From  Fig.  1-10,  it  is  evident  that  as  bright¬ 
ness  increases  the  frequency  of  alternation  must  increase  if  fusion  is  to 
take  place.  This  applies  to  all  colors.  In  Fig.  1-11  the  effect  of  hue 
difference  on  flicker  speed  is  shown.  For  a  combination  of  achromatic 


Fig.  1-11 
colors  for 


Fusion  flicker  frequencies  of  white  light  alternating  with  various  spectral 
(a)  1 ,0_  5  photons  and  (b)  547  photons  (Troland,  1916a,  p.  964). 


and  spectrum  colors,  the  minimum  frequency  is  for  spectrum  light  of 
about  570  m,x.  Comparative  values  for  two  chromatic  lights  are  not 

mnrh  td  ^  3tl°nS  for  an7  Slich  V™  would  undoubtedly  show 
much  the  same  degree  of  irregularity. 
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As  a  very  rough  approximation,  it  can  be  stated  that,  at  constant 
brightness  differences,  the  greater  the  hue  and  saturation  differences  be¬ 
tween  the  colors,  the  higher  must  be  their  frequency  of  alternation  if 
fusion  is  to  take  place.  Likewise,  as  indicated  by  Fig.  1-8,  the  greater 
the  intensity  difference  between  the  two  stimuli,  the  greater  must  be 
their  frequency  of  alternation  if  fusion  is  to  take  place. 


SPATIAL  DISTRIBUTION  OF  THE  STIMULI 


Two  factors  are  generally  taken  into  account  in  considering  the  mini¬ 
mum  size  of  an  image  that  can  be  resolved  by  the  eye:  (1)  the  resolving 
power  of  the  eye  lens  and  (2)  the  diameters  of  the  foveal  cones.  The 
limits  set  by  the  first  of  these  factors  are  due  to  the  wave  interferences 
of  light  and  are  the  same  as  those  that  apply  to  any  lens  system.  Owing 
to  diffraction  of  the  lens,  the  image  of  a  point  source  of  light  is  not  a 
point,  but  a  disk  surrounded  by  alternating  dark  and  bright  rings.  Ex¬ 
perience  has  shown  that  two  points  cannot  be  distinguished  unless  their 
separations  are  at  least  equal  to  the  radii  of  the  first  daik  rings.  The 
minimum  angular  separation,  4>,  for  this  condition  is  given  approxi¬ 
mately  by  the  equation  (see  Sears,  1946,  p.  204): 


<J>  = 


1.22X 

nd 


(1  -15) 


where  A  is  the  wavelength  (in  vacuum)  of  the  light  involved,  d  the  di¬ 
ameter  of  the  lens  through  which  the  light  is  made  to  pass,  and  n  is 
the  index  of  refraction  of  the  medium  in  which  the  image  is  formed. 
For  light  of  555  m/*,  a  lens  opening  of  2  mm,  and,  assuming  the  index 
of  refraction  of  the  vitreous  humor  of  the  eye  to  be  1.33,  4>  equa  s 
7  5  v  10-1  radians  or  0.87  min.  For  a  distance  of  15.5  nun  from  the 
lens  to  the  fovea,  this  angular  separation  would  give  a  retinal  separation 

The  diameters  of  the  central  cones  of  the  fovea,  the  second  bnutmg 
factor  mentioned  above,  are  between  0.0020  and  0.0026  mm  Hecht 
and  M.ntz,  1939,  p.  600).  Thus,  on  a  basis  of  either  of  these :  com  - 
tions,  the  minimum  separation  of  any  two  retinal  ''''^  that  can  l  e 
resolved  is  a  few  thousandths  of  a  millimeter,  or  roughly  -5  to 

°f These  considerations  taken  alone  oversimplify  the  problem  in  that 
effects  such  as  scattering  and  chromatic  aberration  are  not  taken  mto 
account.  Direct  determinations,  however,  give  res  ^  have 

same  general  order  of  magnitude.  Astronomers,  •  1 
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found  that  two  stars  can  be  distinguished  from  each  other  if  they  are 
separated  by  about  one  minute  of  arc.  If  visibility  of  lines  rather  than 
discrimination  of  point  sources  is  used  as  a  criterion,  much  greater  reso¬ 
lutions  are  obtained.  Black  lines  on  light  backgrounds  can  be  seen 
when  they  subtend  no  more  than  0.5  sec  of  an  arc  at  the  eye  (Hecht 
and  Mintz,  1939,  p.  599).  Such  small  angles  are  obtained  only  at  high 
luminances  (30  mL)  and  high  contrasts.  At  lower  brightnesses  the 
lines  must  subtend  much  greater  angles,  up  to  several  minutes  at  lumi¬ 
nances  less  than  0.0001  mL.  The  aligning  power  or  width  perception 
of  the  eye,  known  as  vernier  acuity,  is  such  that  the  unaided  eye  can 
align  with  an  accuracy  of  less  than  4  sec  of  arc  (Southall,  1937,  p.  29). 

The  maximum  acuity  of  the  eye,  or  the  limit  of  its  resolving  power 
as  indicated  by  its  ability  to  see  a  line,  is  determined  by  the  minimum 
intensity  discrimination  that  it  can  make.  Owing  to  diffraction,  the 
retina]  image  of  a  fine  line  does  not  have  sharp  edges.  Rather,  there 
is  an  intensity  gradient  which  extends  over  an  area  much  wider  than  the 
width  of  the  line  would  indicate.  The  limit  of  resolving  power  is 
reached  when  the  change  of  intensity  on  a  given  row  of  cones,  as  the 
image  of  the  line  passes  over  it,  coincides  with  the  minimum  discern¬ 
ible  brightness  change  (Hecht  and  Mintz,  1939,  pp.  600-604). 

In  photomechanical  half-tone  printing,  the  number  of  lines  per  inch 
for  different  processes  varies  from  about  60  to  200.  At  a  viewing 
distance  of  15  in.  these  correspond  to  line  separations  of  3.8  to  1.2  min, 
respectively.  These  separations  are  somewhat  greater  than  those  which 
the  eye  can  distinguish  under  optimum  conditions,  but,  particularly  at 
200  lines  per  inch,  they  serve  to  give  good  fusion  of  printed  pictures. 

1  eplov  and  Jakovleva  (1933)  have  studied  the  perceptual  color  effect 
of  simultaneously  stimulating  adjacent  retinal  areas  which  were  so  small 
that  only  a  single  color  was  perceived.  They  found  the  matching  prop¬ 
erties  to  be  essentially  the  same  as  for  the  same  color  proportions  mixed 
b\  successive  stimulation  of  the  retina.  All  the  mixture  laws  for  super¬ 
imposed  projected  colors,  colors  presented  alternately  in  rapid  succes¬ 
sion,  and  colors  simultaneously  stimulating  small  adjacent  areas  of  the 
retina,  can  therefore  be  presumed  to  be  the  same. 


Brightness  Matching 

In  addition  to  differences  in  hue,  the  various  parts  of  an  ordinary 
contmuous  spectrum  d.ffer  considerably  in  brightness.  Tire  extreme 
ends  are  dark,  fading  off  through  indistinct  limits  beyond  which  nothing 

creases  Tori  ,  ^ “T ,°f  the  SPectlum  the  brightness  in° 
creases.  At  ordinary  daylight  levels  of  illumination,  if  the  source  of 
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light  from  which  the  spectrum  is  made  has  approximately  equal  energy 
at  all  wavelengths,  the  brightness  reaches  a  maximum  in  the  yellow- 
green,  at  a  wavelength  of  about  5S5  m fx.  The  variations  arc  due  pri¬ 
marily  to  differences  in  the  brightness  sensitivity  of  the  eye  to  radia¬ 
tions  of  different  wavelengths. 


LUMINOSITY  FUNCTION 

The  brightness  sensitivity  distribution  of  the  eye  of  the  average  human 
observer  is  called  the  luminosity  function  and  is  shown  by  the  curve  of 
Fig.  1-12.  As  will  be  shown  later,  lower  levels  of  illumination  give  a 
different  curve. 


Fig.  M2  Luminosity  function  for  the  CIE  standard  observer  at  photopic  levels 
of  illumination  (Crittenden,  1924,  p.  614). 

The  ordinates  of  the  luminosity  function  shown  in  Fig.  M2  are  pro¬ 
portional  to  the  reciprocals  of  the  amounts  of  energy  at  the  various  wave¬ 
lengths  which  are  equally  bright.  These  amounts  must  be  established 

through  actual  visual  comparisons. 


brightness  comparisons 

Although  other  methods  of  establishing  the  relative  brightnesses  of 
different  spectral  colors  have  been  employed  the  two  winch  arc ^consid¬ 
ered  to  be  most  reliable  are  the  equahty-of-brightness  and  the  Bicker 
methods  (Ives,  1912*,  p.  156).  In  the  equahty-of-brigh  ness  me  h  d 

direct  comparisons  are  made  between  known  amo, ”fare  varied 
from  two  different  regions  of  the  spectrum.  ics  ,  Tj,e 

until  the  two  appear  to  the  observer  to  be  of  the  same  b f " be 
reliability  of  this  method  is  high  when  comparisons  are  B  ■ 
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tween  portions  of  the  spectrum  which  are  near  each  other,  but  it  drops 
off  rapidly  as  the  difference  in  hue  of  the  two  increases.  The  only 
satisfactory  way  of  applying  this  method  is  in  a  stcp-bv-step  process  in 
which  a  determination  is  first  made  of  the  amount  of  energy  at  wave¬ 


length  A2  necessary  to  match  in  brightness  a  given  amount  of  energy  in 
a  near-by  region  of  the  spectrum  at  wavelength  Ai.  This  is  followed  by 
a  similar  determination  for  A3  as  compared  to  A2,  then  A4  as  compared 
to  A3,  and  so  on  through  the  spectrum.  The  difference  in  wavelength 
between  each  pair  matched  is  kept  between  about  two  and  five  millimi¬ 
crons.  The  entire  spectrum  is  covered  by  starting  in  the  center  and 
working  out  to  the  limit  of  vision  first  in  one  direction  and  then  in  the 
opposite  direction. 

With  the  flicker  method  the  two  samples  of  light  being  compared  are 
presented  alternately  in  rapid  succession  in  the  same  small  area  of  the 
field  of  vision.  If  started  slowly  and  gradually  increased,  the  frequency 
of  alternation  will  reach  a  value  at  which  the  difference  in  hue  between 
the  two  lights  will  disappear,  thus  eliminating  any  hue  flicker,  but  leav¬ 
ing  a  brightness  flicker  if  their  brightnesses  differ.  At  a  still  higher  speed 
of  alternation  the  brightness  flicker  will  also  disappear.  By  setting  the 
speed  of  alternation  in  the  range  between  these  two  speeds,  preferably 
as  little  as  possible  above  that  necessary  to  eliminate  hue  flicker,  accurate 


brightness  matches  can  be  made.  As  the  precision  of  this  method  is  not 
greatly  reduced  when  hue  differences  between  the  two  stimuli  are  fairly 
large,  a  single  standard  comparison  stimulus  can  be  used  in  making  all 
the  matches.  This  method,  therefore,  does  not  tend  to  accumulate 
errors  as  does  the  equality-of-brightness  method.  Results  obtained  by 
different  investigators  using  the  flicker  method,  however,  have  not  been 
m  good  agreement  with  each  other  or,  except  possibly  under  special  con¬ 
ditions  which  include  a  field  of  view  less  than  2°,  with  those  obtained 
by  the  equality-of-brightness  method.  Because  of  the  less  restrictive 
viewing  requirements  and  the  relatively  high  precision  of  the  step-by- 
step  equality-of-brightness  method,  this  method  has  been  considered  to 

iQ?rmUatlSf?^°ry  than  the  flicker  method  (Gibson  and  Tyndall, 
mi  P'  133;  SCe  als°  Hyde’  Forsythe>  and  Cady,  1918) 

The  luminosity  function  shown  in  Fig.  M2  is  that  which  has  been 

adop  ed  by  the  International  Commission  on  Illumination  (Crittenden 

J;4)-  ’* ‘S  3  Wefled  average  of  the  data  collected  bv  several  investi- 

0  obsewm°nm  y,nd>"’  T?-,924)'  e3Ch  °f  whom  used  a  number 
fin  ?  ,  ,  Althoi'g|>  it  >s  almost  exclusively  this  average  curve  that 

finds  practical  apphcat.on,  there  are  wide  individual  differences  in  the 

relative  brightness  sensitivities,  even  among  "normal"  observers  The 

order  of  magnitude  of  these  variations  is  illustrated  in  Fig.  MB,  which 
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shows  the  median,  quartile  deviations  from  the  median,  and  range  of 
sensitivities  at  each  wavelength  of  the  52  observers  participating  in  the 
Gibson  and  Tyndall  study  in  which  the  equality-of-brightness  (step-by- 


Fig  M3  Variations  among  52  different  observers  in  relative  luminous  se ns  tivt 
as  functions  of  wavelength  (a)  upper  limit  (b)  upper  quart,  e,  c)  median,  W  ' 
quartile,  and  («)  lower  limit  (data  from  Gibson  and  Tyndall,  1923-19.4,  pp. 

159). 

Step)  method  was  used  (Gibson  and  Tyndall,  1923-1924)  The  readings 
Of ‘the  observers  were  adjusted  to  give  a  niaxinitnn  sensitivity  reading 
1  00  before  these  computations  were  made.  Coblentz  anc 
,918-1919)  also  found  a  similar  wide  range  of  variations  among  the 
125  observers  in  their  study  using  the  flicker  methoc . 
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Additional  data  collected  by  Gibson  and  Tyndall  arc  gi\en  in  Fig. 
1-14,  which  show  variations  in  the  averages  for  groups  of  observers  used 
in  other  investigations.  These  variations  are  probably  due  partly  to 
individual  differences  among  the  observers,  but  differences  in  method 
undoubtedly  are  also  responsible  to  some  extent. 

If  the  differences  among  individual  observers  are  neglected,  the  lumi¬ 
nosity  function  gives,  on  a  relative  scale,  the  reciprocals  of  the  amounts 
of  energy  at  different  wavelengths  which  are  equally  bright.  If  meas- 


Wavelength  (rriyu) 


Fig.  1-14  Highest,  lowest,  and  mean  of  group  averages  in  luminosity  as  a  function 
of  wavelength  obtained  by  several  investigators  (Gibson  and  Tyndall,  1923-1924  p 
172). 

ured  amounts  of  energy  at  two  different  wavelengths  are  then  known, 
the  luminosity  function  enables  one  to  determine  if  they  are  equally 
bright,  or,  if  unequal,  which  of  the  two  is  brighter.  Equality  of  bright¬ 
ness  is  established  when  the  energy'  value  of  one  multiplied  by  its  ordi¬ 
nate  value  on  the  luminosity  curve  equals  the  energy  value  of  the  other 
multiplied  by  its  ordinate  value. 


RADIOMETRIC  AND  PHOTOMETRIC  QUANTITIES 

Radiant  energy,  like  all  other  forms  of  energy,  is  measured  with  re¬ 
spect  to  its  capacity  to  do  work.  The  fundamental  units  are  the  “erg” 
and  the  “joule.”  Radiant  energy  is  commonly  symbolized  by  the  letter 
.  Radiant  power,  commonly  called  radiant  flux  and  svmbolized  by  P 
IS  defined  as  the  rate  of  transfer  of  radiant  energy.  It  is  measured  in’ 
ergs  per  second  or  watts,  the  latter  being  equivalent  to  joules  per  second 
Evaluation  of  radiant  energy  in  terms  of  its  luminous  efficiency  pro- 
ldes  the  basis  for  a  large  number  of  photometric  quantities.  Coue- 
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Figure  1-15  Photometric  Quantities 
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2  Luminance  of  black-body  radiator  at  temperature  of  freez- 
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sponding  to  radiant  energy  there  is  luminous  energy,  symbolized  by  O. 
Corresponding  to  radiant  flux  there  is  luminous  flux,  F.  These  and 
numerous  other  photometric  quantities  are  listed  in  the  table  of  Fig. 
1*15.  Aside  from  radiant  energy  itself,  the  two  most  basic  quantities 
shown  in  this  table  are  y  and  Km.  The  symbol  y  represents  the  relative 
luminous  efficiency  of  radiant  energy  as  a  function  of  wavelength.  The 
wavelength  distribution  of  y  is  the  luminosity  curve,  which  has  already 
been  discussed.  The  symbol  Km  represents  the  luminous  efficiency  of 
the  wavelength  of  light  having  the  greatest  efficiency  of  all  wavelengths. 

It  is  not  measured  directly,  however,  but  is  a  derived  quantity  based 
upon  the  luminance  of  the  surface  of  a  complete  (black-body)  radiator 
at  the  temperature  of  freezing  platinum  (about  2,044°  K).  By  interna¬ 
tional  agreement  this  luminance  is  defined  as  60  lumens  per  steradian 
per  projected  square  centimeter  of  area  (Committee  on  Colorimetry, 
1944 a,  p.  207,  and  1944b,  p.  253).  This  is  equivalent  to  60  candles  per 
square  centimeter.  From  this  luminance  value  and  from  the  luminosity 
curve,  the  value  of  K,„  can  be  determined.  Depending  upon  the  par¬ 
ticular  constants  used  in  describing  black-body  radiators  (MacAdam, 
1945^  ^s  value  as  given  varies  from  about  650  to  685  lumens  per  watt. 
The  value  accepted  by  the  Committee  on  Colorimetry  (1952,  p.  228) 
is  680. 

The  quantities  luminous  intensity,  luminous  emittance,  and  lumi- 
nance  all  apply  to  a  light  source,  or  to  a  surface  from  which  radiant 
enert'y  is  being  given  off.  Luminous  intensity  is  usually  thought  of  as 
applying  to  a  “point  source,”  but  it  can  be  applied  to  surfaces  when 
viewed  from  a  sufficient  distance.  Illuminance  applies  to  the  luminous 
flux  falling  on  a  surface.  Retinal  illuminance  is  not  strictly  proportional 
to  the  illuminance  on  the  retina,  but  rather  it  is  defined  in  terms  of  t  le 
luminance  of  an  external  surface  and  of  the  area  of  the  pupillary  aper- 

ture  of  the  eye.  c  ,  , 

The  subscript  A  attached  to  any  symbol  means  the  measure  o 

quantity  at  the  wavelength  A.  Most  of  the  definitions  given  app  y  o 
monochromatic  light  as  well  as  to  other  distributions,  and  therefore  spe¬ 
cial  defining  equations  with  the  A  subscripts  have,  m  most  cases,  been 

“o« Important  assumption,  1, »»»,,,  is  iurf.ad  whan  tbs  total  *-j 
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compositions  may  have  the  same  luminance  but  be  of  different  bright¬ 
nesses. 

As  early  as  1853  Grassman  stated  that  "the  total  intensity  of  the 
mixture  is  the  sum  of  the  intensities  of  the  lights  mixed”  (Grassman, 
1854,  p.  263).  Grassman  considered  this  statement  to  be  an  assumption 
which  was  not  well-founded,  but  which  appeared  probable  on  theoretical 
grounds.  Supporting  evidence  was  given  by  Abney  (1913,  p.  105),  who 
stated  “  •  •  •  it  was  proved  by  repeated  measures  that  the  luminosity  of 
a  mixed  light  is  equal  to  the  sum  of  the  impression  of  each  of  the 
components.”  Similar  results  were  reported  by  Whitman  (1896),  Tufts 
(1907),  and  Ives  (1912b).  Wright  (1947,  pp.  74-75)  and  Granit  (1947, 
p.  326),  as  well  as  many  other  modern  investigators,  have  assumed  that 
brightnesses  could  be  summed  without,  however,  providing  additional 
substantiating  evidence.  On  the  other  hand,  Newhall  (1940,  p.  624), 
in  studying  Munsell  color  samples,  found  that  observers,  particularly 
those  untrained  in  color  matching,  tended  to  judge  chromatic  samples 
as  lighter  than  the  achromatic  samples  which,  on  a  luminance  basis, 
they  should  match.  Similar  findings  were  reported  by  White,  Vicker- 
staff,  and  Waters  (1943)  with  respect  to  trained  and  untrained  colorists 
dealing  with  dyes.  Both  the  Munsell  and  dye  samples  are  seen  as  ob¬ 
jects  in  fairly  complex  viewing  situations,  which  might  partially  account 
for  the  nonequality  of  brightness  and  luminance  and  therefore  the  non¬ 
additivity  of  brightnesses.  Pieron  (1939)  found,  however,  that  even  in 
a  photometric  field  brightnesses  were  strictly  additive  only  for  neigh¬ 
boring  colors.  With  complementary  colors,  the  deficiency  in  the 
summed  brightness  may  be  as  high  as  10  percent. 

More  recently  MacAdam  (1950)  has  provided  strong  substantiating 
evidence  to  support  the  conclusion  that  brightnesses  are  not  additive. 
He  found  that  colors  of  constant  hue  and  luminance  increase  markedly 
in  brightness  with  increase  in  saturation.  In  an  achromatic  color  mix¬ 
ture  it  was  found  that  the  subtraction  of  a  portion  of  the  red  primary 
actually  increased  the  brightness.  Thus,  in  a  case  in  which  the  lumi¬ 
nance  and  energy  constituents  of  the  stimulus  were  actually  decreased, 
witli  saturation  at  the  same  time  changing,  tire  brightness  increased! 

I  he  results  obtained  for  one  observer  in  MacAdam’s  experiments  for  a 
number  of  different  hues  are  illustrated  in  Fig.  M6.  Each  radiatin« 
me  is  that  of  constant  hue.  The  numbers  indicate  the  luminances 
which  were  required  to  maintain  constant  brightness.  Pronounced  de¬ 
creases  in  luminance  were  required  for  most  hues,  particularly  in  the 
blues,  purples,  and  reds. 

It  is  evident  that  the  assumption  of  additivity  of  brightness  is  valid 
only  within  a  large  margin  of  error.  Relationships  based  upon  the 


as- 
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sumption  are  still  widely  used,  however,  and  undoubtedly  will  continue 
to  be  until  a  superior  alternative  method  of  specifying  brightness  or  its 
psychophysical  analogue  is  developed. 


Color  Specification  and  Representation 

The  relative  proportions  of  three  given  primary  colors  which  are  re- 
quircd  to  match  the  various  wavelengths  of  the  spectrum  const!  u  e  i 
color-mixture  curves  (Fig.  1-5).  In  considering  individual  .monochro¬ 
matic  radiations,  these  curves  are  very  useful,  but  t  icy 
us  to  predict  the  amounts  of  the  three  primaries  which  will  match  any 
integrated  sum  of  spectral  radiations.  For  this  type  of  proWem 
must  have  a  new  set  of  data  which  are  commonly 
distribution  coefficients.”  They  are  also  sometimes  called 
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values  for  unit  amounts  of  energy’  or  “tristimulus  values  for  the  ecjui- 
energy  spectrum.” 


D  E  R I  V  A T  ION  OF  SPECTRAL  D  I  S  T R I B  U  T I O  N  CURVES 

It  will  be  recalled  that  unit  amounts  of  the  three  primaries  for  the 
color-mixture  curves  were  defined  as  those  which  would  combine  to 
match  some  given  achromatic  color.  Let  us  suppose  that  the  three  pri¬ 
maries,  P,,  PL>,  and  P;!,  have  luminances,  respectively,  of  Llt  L2,  and  L3. 
Suppose,  also,  that  the  relative  amounts  of  these  primaries  necessary  to 
match  monochromatic  light  at  some  particular  wavelength  are  deter¬ 
mined  from  the  color-mixture  curves  and  are  found  to  be  clf  c2,  and  c3. 
The  color-mixture  curves  do  not  indicate  the  amount  of  energy  at  the 
chosen  wavelength  which  is  matched,  but,  if  we  let  C  represent  a  unit 
of  this  energy,  then  the  match  must  be  some  multiple  of  this  unit. 
Letting  n  denote  this  multiplicative  factor,  the  color-matching  equation 
is  given  by: 

ttC  =  dPt  T  Co P2  T  C3P3  (1  •  16 a) 

If  the  luminance  of  a  unit  of  energy  at  the  wavelength  corresponding  to 
C  is  given  by  y,  then,  assuming  that  the  color-matching  equation  also 
indicates  a  brightness  match,  it  follows  that: 


or  that 


tty  —  C\L.\  T  C0L0  T  C3L3 


n  = 


C\L\  +  c2L2  T-  C3L3 


(M  6c) 


1  he  matching  equation  for  a  unit  amount  of  energy,  C,  is  therefore 
given  by: 

C  =  di  Pj  +  d2  P2  +  d3  P3  (1  •  17  a) 

where: 

d\  =  c\/n  do  =  co/n  d%  =  c3/n  (1-17^) 

Equation  1'17u  sives  the  required  amounts  of  the  three  primaries 
necessary  to  match  a  unit  energy  amount  of  the  light  at  the  selected 
wavelength  By  repeat.ng  the  procedure  for  other  monochromatic  radi- 
at.ons  smular  equal, ons  can  be  found  for  light  at  each  wavelength 
throughout  the  spectrum.  The  quantities  du  d,,  and  d3  as  functions 
o  wavelength  const, tute  the  spectral  distribution  coefficients  and  when 
plotted  give  the  spectral  distribution  curves.  A  set  of  such  curves  is 
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shown  in  Fig.  1-17.  The  color-mixture  curves  from  which  these  curves 
were  derived  are  those  of  Fig.  1*5;  the  luminosity  curve  is  that  of  Fig. 
M2. 


Fig  117  Spectral  distribution  curves  for  the  C1E  standard  observer  and  moncn 
chromatic  primaries  at  the  wavelengths  700  nv,  546.1  nr*,  and  455.8  nm  (Smith  and 
Guild,  1931-1932,  pp.  94-95). 

TRISTIMULUS  VALUES 

With  the  aid  of  the  spectral  distribution  curves,  it  i is possible  to  d. =ter- 
miue  the  amounts  of  the  three  given  primar.es  which  wr  1  ma  tch  any 
socctral  energy  distribution  of  light.  If  we  represent  the  spectral  energy 
E  and  the  color  by  D,  then  it  follows  from  equatron 

1  -17 a  that  a  match  for  D  is  given  by: 

D  =  ( JdiE  Pi  +  (/< <&)  Pa  +  {jJlE  dX)  Ps  ‘ M 

or 

D  =  /,  P,  +/2P2  +/3P3 
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(1  •  18£) 


where  f»  f»  and  U  are  equal,  respectively,  to  the  three  integrals  given 
in  the  preceding  equation. 

Equation  1  -  18b  provides  a  means  of  color  specification.  It  does  not 
describe  a  color  in  the  sense  of  telling  what  the  hue,  saturation,  and 
brightness  are  but  does  indicate  what  combination  of  three  primaries 
the  color  will  match.  Because  of  their  importance  as  a  means  of  color 
specification,  the  three  integral  quantities  denoted  by  f i,  f2,  and  f3  are 
given  a  special  name,  that  of  tristimulus  values.  Any  two  colors  which 
have  the  same  tristimulus  values,  referred  to  in  terms  of  the  same  pri¬ 
maries,  will  match  each  other;  any  which  do  not  have  the  same  set  of 
tristimulus  values  will  not  match. 

One  set  of  tristimulus  values  is  of  particular  importance  as  a  check 
on  the  consistency  of  the  data  used  in  arriving  at  the  spectral  distribu¬ 
tion  coefficients.  The  visual  investigations  by  means  of  which  the  color- 
mixture  curves  and  the  luminosity  distributions  are  arrived  at  are  usually 
carried  out  independently,  and,  consequently,  the  results  obtained  may 
not  in  all  respects  be  consistent.  From  the  distribution  coefficients  de¬ 
termined  by  means  of  these  two  sets  of  data  and  the  measurements  of 
the  relative  brightnesses  of  the  three  primaries,  suppose  that  the  tristim¬ 
ulus  values  are  determined  for  light  from  the  illuminant  which  is  ac¬ 
cepted  as  achromatic.  Units  of  the  primaries  are  defined  in  such  a  way 
that  a  match  with  this  illuminant  requires  equal  amounts  of  the  three 
primaries,  and  therefore  tristimulus  values  which  are  equal  to  each 
other.  If,  as  a  result  of  the  integrations  indicated  by  equations  l-18d, 
the  tristimulus  values  are  not  equal,  then  evidently  there  is  some  in¬ 
consistency  in  the  data.  The  simplest  means  of  eliminating  this  incon¬ 
sistency  is  by  slight  alterations  of  assumed  relative  brightnesses  of  the 
three  primaries,  with  a  consequent  recalculation  of  the  distribution  co¬ 
efficients.  Through  a  successive  series  of  trials,  distribution  coefficients 
can  be  found  which,  for  the  chosen  achromatic  light,  will  give  eaual 
tristimulus  values. 

From  the  tristimulus  values  which  specify  a  color  in  terms  of  one  set 
of  primaries,  it  is  sometimes  necessary  to  derive  tristimulus  values  which 
will  specify  the  color  in  terms  of  a  second  set  of  primaries.  To  do  this, 
the  transformation  equations  between  the  two  sets  of  primaries  must 
be  known.  The  method  of  securing  such  equations  was  described 
earlier,  and  the  results  were  given  in  equations  1  •  12.  If  P1?  p ,  ancj  p, 

as  given  by  these  equations  are  substituted  in  equations  1  ■  18b,  then  D 
will  be  given  as  a  function  of  Qx,  Q2>  and  Q3: 

D  =  £iQi  +  &2Q2  +  £3Q:i  (1-19) 

where  gx  =  fxpn  +  f2p21  +  f3p31  with  similar  expressions  for  g2  and  g3. 
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GEOMETRICAL  REPRESENTATIONS 


A  color  is  specified  in  a  trichromatic  system  by  means  of  its  three  tri¬ 
stimulus  values.  As  these  values  may  vary  independently,  a  three-di¬ 
mensional  space  is  required  for  a  complete  geometrical  representation 
of  this  specification. 

One  convenient  three-dimensional  system  is  that  in  which  the  three 
axes  are  chosen  orthogonal  to  each  other,  with  a  common  distance  along 
these  axes  representing  unit  amounts  of  the  primaries.  An  intensity 
series  of  one  of  the  primary  colors  would  then  be  denoted  by  points 
along  one  of  the  axes.  The  series  of  achromatic  colors  would  be  those 
along  the  line  making  equal  angles  with  the  three  axes.  Corresponding 
to  every  color  there  would  be  a  point  within  this  space,  and  to  every 
point  within  the  space  there  would  be  a  unique,  although  possibly  not 
realizable,  color.  The  color-matching  equation  for  each  color  would  be 
the  vector  equation  for  the  point. 

A  transformation  of  primaries  corresponds  to  the  selection  of  a  new 
set  of  axes  within  the  space,  which  will  serve  as  a  basis  in  expressing  the 
vector  equations  for  the  various  colors.  If,  in  the  new  system,  the  co¬ 
efficients  in  the  vector  equations  for  achromatic  colors  are  to  be  equal 
to  each  other,  then  the  distances  representing  units  along  the  three  di¬ 
rections  will,  in  general,  not  be  equal  to  the  unit  length  along  the  axes 
of  the  first  system  of  primaries,  nor  equal  to  each  other.  The  point 
corresponding  to  every  color  maintains  its  fixed  position  m  the  color 
space,  but  a  new  vector  equation  is  required  to  locate  it  with  respect  to 
the  new  system  of  axes.  The  tristimulus  values  for  all  colors,  except 

those  which  are  achromatic,  therefore  change. 

There  are,  of  course,  an  unlimited  number  of  different  sets  of  axes 
which  may  serve  as  the  basis  for  locating  the  colors  within  any  color 
smee  As  it  is  a  three-dimensional  space,  three  coordinate  values  will, 
in  general  be  required  for  each  color.  In  the  type  of  transformation 
already  dossed'  new  straight-line  axes  were  chosen,  ^ 

from  which  measurements  are  made  remaining  fixed.  This  is  a  simple 
inear  homogeneous  type  of  transformation  and  corresponds  physically 
o  the  election  of  new  colors  which  are  to  serve  as  primaries.  Excep 
for  a  few  restrictions,  as  for  example  that  the  three  axes  cannot  alMie 
in  the  same  plane,  the  choices  in  directions  are  arbitrary . ■ 

.nation  other  than  a  linear  transformation  cannot  be  mte ^  ^ 

system. 
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GRAPHICAL  REPRESENTATIONS  IN  TWO  DIMENSIONS 


Because  of  the  difficulties  involved  in  plotting  and  in  interpreting 
plots  in  three  dimensions,  two-dimensional  graphical  representations  of 
colors  are  often  made.  As  three  parameters,  rather  than  two,  are  neces¬ 
sary  to  identify  any  color,  such  a  representation  must  of  necessity  be  in¬ 
complete.  For  certain  purposes  these  plots  are  useful,  but  they  can  be 
misleading  because,  in  studying  what  they  show,  one  often  forgets  how 
much  they  leave  out. 

Two-dimensional  plots  can  best  be  thought  of  as  the  projection  of  all 
colors  on  to  a  plane  within  the  three-dimensional  solid.  For  an  orthog¬ 
onal  system  of  the  type  already  discussed  in  the  three-dimensional  space, 
the  plane  most  commonly  taken  for  reference  is  that  passing  through 
the  points  representing  unit  amounts  of  the  three  primaries.  If  this 
plane  is  marked  by  three  straight  lines  connecting  these  points,  an  equi¬ 
lateral  triangle  is  obtained.  All  the  tristimulus  values  for  every  point 
within  this  color  triangle  will  be  positive  and  will  add  to  unity.  Points 
in  the  plane  but  outside  the  triangle  will  have  one  or  more  negative 
tristimulus  values,  but,  again,  the  algebraic  sum  will  be  unity. 

The  point  in  the  plane  corresponding  to  any  other  color  in  the  solid 
(not  in  the  plane)  is  found  by  first  obtaining  the  trichromatic  coeffi¬ 


cients,  each  being  one  of  the  tristimulus  values  divided  by  the  sum  of 
the  three  tristimulus  values.  The  trichromatic  coefficients  of  any  color 
are  identical  with  the  tristimulus  values  of  the  point  in  the  plane  which 
corresponds  to  the  color.  This  same  point  is  located  geometrically  as 
the  intersection  with  the  plane  of  the  straight  line  from  the  origin 
through  the  color.  Thus  each  point  in  the  triangle  represents  a  whole 
series  of  colors,  all  of  whose  sets  of  tristimulus  values  are  proportional 
to  each  other,  i.e,  they  fall  on  a  straight  line  through  the  origin. 

A  color  triangle  with  monochromatic  primaries  of  wavelengths 
/00  m fi,  546.1  m/x,  and  455.8  ni/x  is  shown  in  Fig.  1-18.  The  units  are 
chosen  so  that  the  same  amounts  of  the  three  primaries  will  match  an 
ilhimmant  which  contains  equal  quantities  of  radiant  energv  for  equal 
wavelength  intervals  throughout  the  spectrum.  Clerk  Maxwell  (1890 

°  '  ’  P'  “  ^  made  use  of  an  equilateral  triangle  to  illustrate  colors 
graphically>  and  a  triangle  such  as  that  shown  in  the  figure  is  usually 
called  a  Maxwell  triangle. 


I  lie  curve  around  the  outside  of  the  Maxwell  triangle  gives  the  locus 
of  he  spectrum  colors  in  terms  of  the  three  primaries  of  the  system 
A  distance  eorrespondmg  to  a  unit  amount  of  each  primary  equals  the 
a  1  Ude  of  the  tnangle.  The  perpend.cular  distances,  measured  in  these 
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units,  from  a  color  point  to  the  sides  of  the  triangle  give  the  three  tri¬ 
chromatic  coefficients’. 

The  point  marked  SE  locates  the  selected  achromatic  color  for  the 
system.  Units  for  the  primaries  have  been  chosen  so  that  for  SE  the 
three  trichromatic  coefficients  are  equal.  SE  is  therefore  located  at  the 
centroid  of  the  triangle. 

It  is  interesting  to  consider  what  happens  to  this  triangle  with  a 
change  of  primaries.  The  change  in  primaries  would  correspond  to  the 
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Kic.  MS  Maxwell  color  triangle  (data  from  Smith  and  Guild,  1931  1932,  pp 
94-95). 


choice  of  a  new  set  of  axes  in  the  original  three-dimensional  space,  and 
consequently  of  a  different  triangle  by  which  the  colors  would  be  repre¬ 
sented  two-dimcnsionally.  As  a  result  of  such  a  transformation,  the 
plane  of  the  triangle  would  also  be  altered,  giving  one  which  intersected 
the  first  plane  in  a  line  passing  through  the  point  for  the  aciroma  ic 
color  The  locations  of  points  in  the  triangle  corresponding  to  various 
colors  would  be  altered  slightly,  both  with  respect  to  the  positions  of  the 

primaries  and  to  each  other.  .  •  dim 

P  The  triangle  resulting  from  a  transformation  from  the  primaries 
trated  in  Fig?  1  ■  18  to  those  of  700  m*  550  and  450  m,.  is  shown  in 
Fig  1  •  19  &As  is  generally  true  of  such  triangles,  this  one  is  not  equ 
lateral.  Such  trifngles,  however,  have  other  defir nte  eharaett t.  ■ 
The  achromatic  point  lies  at  the  centrord  o  the  rung] I*.  passing 
This  center  is  the  common  point  ot  intersecrio 

40 


from  the  vertices  to  the  midpoints  of  the  opposite  sides.  Also,  all 
three  areas  formed  by  pairs  of  primary  points  and  the  achromatic  point 
equal  each  other.  The  unit  measure  for  each  primary  is  represented  by 


Fig.  1-19  Color  triangle  corresponding  to  transformation  of  primaries  from  those 
used  in  Fig.  1-18. 


the  perpendicular  distance  from  a  vertex  to  the  opposite  side.  Meas¬ 
ured  in  terms  of  these  units,  the  trichromatic  coefficients  of  any  color 
point  equal  the  perpendicular  distances  from  this  point  to  the  various 
sides.  Area  measurements  can  likewise  be  used  to  establish  trichromatic 
coefficients.  (Some  of  these  relationships  are  discussed  by  Smith,  1931— 
1932.) 
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By  the  proper  transformation,  or  by  properly  choosing  the  directions 
"A  axes.  rePresy't»ig  the  original  primaries,  any  chosen  shape  of 
r  riang  e  can  be  obtained.  The  most  convenient  for  practical  use 
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is  the  right  triangle.  In  this  case,  the  vertex  forming  the  right  angle 
can  be  considered  the  point  of  intersection  of  the  axes  of  a  two-dimen¬ 
sional  Cartesian  system.  The  abscissa  points  then  become  the  trichro¬ 
matic  coefficients  of  one  of  the  primaries,  and  the  ordinates  the  coeffi¬ 
cients  of  a  second  primary.  These  two  values  are  sufficient  to  establish 
the  location  of  any  color  point,  as  the  three  coefficients  must  always 
sum  to  unity.  The  positions  of  the  unit  amounts  of  the  three  primaries 
are  at  the  vertices  of  the  triangle,  as  is  true  of  all  color  triangles.  The 
data  shown  in  Fig.  1-18  are  replotted  in  Fig.  1  -20,  in  terms  of  a  right 
triangle. 


DOMINANT  WAVELENGTH  AND  HUE 

As  has  been  indicated,  a  precise  definition  of  hue  is  difficult  to  formu¬ 
late  even  though  there  is  little  confusion  as  to  the  general  meaning  of 
the  term.  Hue  has  been  described  in  various  ways  as  “•  •  •  that  attribute 
of  certain  colors  which  permits  them  to  be  classed  as  red,  yellow,  green, 
blue  and  their  intermediates”  (Judd,  1940,  p.  3),  “•  •  •  that  attribute  of 
certain  colors  in  respect  of  which  they  differ  characteristically  from  the 
gray  of  the  same  brilliance  (brightness]  and  which  permits  them  to^be 
classed  as  reddish,  yellowish,  greenish,  or  bluish”  (Troland,  1922,  p.  534); 
and  “  •  •  •  differences  of  hue  are  such  as  are  exhibited  by  the  differences 
of  colour  in  the  spectrum”  (Helmholtz,  1924,  Vol.  2,  p.  130). 

The  dominant  wavelength  of  a  monochromatic  region  of  the  spec¬ 
trum  is,  by  definition,  identical  with  the  wavelength  of  the  physical 
radiation  from  the  same  region.  For  a  nonmonochromatic  color,  the 
dominant  wavelength  is  the  wavelength  of  the  spectral  region  that  must 
be  added  to  achromatic  light  in  order  to  obtain  a  match.  Under  given 
adaptation  conditions  the  hue  of  any  spectrum  color  also  has  an  exact 
correspondence  to  the  wavelength  of  the  physical  radiation.  The  me 
of  any  nonmonochromatic  color  is  the  same  as  the  hue  of  the  spectrum 
color  which,  differences  in  brightness  and  saturation  being  neglected, 
it  most  closely  matches.  Dominant  wavelengths  and  hues  of  the  purples 
may  be  considered  similarly,  except  that  for  dominant  wavelength  the 
color  is  subtracted  from  white  light  (i.e.,  is  m.xed  w.th  the  comple¬ 
mentary  wavelength)  to  produce  a  match.  i  ,  if 

Dominant  wavelength  and  hue  are  thus  seen  to  be  related tern  , 
not  identical  in  meaning.  Two  colors  of  the  same  dominant  wavelengt 
do  not  necessarily  match  in  hue.  The  hue  of  any  color  stimulus  will 
depend  upon  the  luminance  and  purity,  as  well  as  upon  the  dominant 
wavelength  of  this  stimulus,  and  upon  the  adaptation  conditions  of  the 

eye. 
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CHANGE  IN  HUE  AS  A  FUNCTION  OF  PURITY 

In  an  early  study  of  the  effects  of  change  in  purity  on  hue,  Abney 
(1910)  first  matched  two  spectrum  colors  for  hue  and  intensity.  When 
achromatic  light  was  added  to  one  of  them,  the  mixture  was  seen  to 
change  in  hue  as  well  as  in  saturation  and  brightness.  By  altering  the 
portion  of  the  spectrum  from  which  the  other  light  came  and  by  in¬ 
creasing  the  slit  width  slightly  to  obtain  a  higher  luminance,  a  new 
match  could  be  obtained  for  both  hue  and  brightness,  although  the 
saturations  would,  of  course,  be  different.  With  the  exception  of  green¬ 
ish  yellow  at  577.2  m^  and  blue  at  488.6  m/x,  he  found  that  all  spectrum 
colors  tended  to  shift  hue  with  change  in  purity7.  Addition  of  achro¬ 
matic  light  caused  the  appearance  of  colors  on  either  side  of  577.2  m/x 
to  move  toward  it  in  hue,  the  oranges  and  reds  becoming  more  like 
shorter-wavclength  colors,  and  the  greens  and  yellow-greens  more  like 
the  longer-wavelength  colors. 

Purdy  (1951)  made  similar  types  of  observations.  His  results  are 
shown  in  the  table  of  Fig.  1-21.  With  a  few  exceptions,  these  results 


Figure  1-21  The  Effect  of  Adding  White  Light  to  Spectral 

Colors 


Wavelength  (m/i) 
650  (Red) 

620  (Orange-red) 
610  (Orange) 

600  (Orange) 

590  (Orange) 

580  (Yellow) 

5/0  (1  ellow-green) 
560  (Y  ellow-green) 
550  (1  ellow-green) 
540  (Yellow-green) 
520  (Green) 

500  (Green) 

490  (Blue-green) 
480  (Blue) 

470  (Blue) 

460  (Violet) 


Hue  Becomes 
Purplish 
Purplish 
Pinkish 
Pinkish 
Pinkish 
Unchanged 
Yellower 
1  ellower 
Yellower 
Y  ellower 
Yellower 
Unchanged 
Unchanged 
Pinkish 
Pinkish 
Pinkish 


agree  well  with  those  obtained  bv  Ahnov  rn10 

oranges  and  reds  which  Purdv  fn  i  u  6  excePtl0ns  are  in  the 

spectively,  with  addition  of  -chn^  ~ 
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CHANGE  IN  HUE  AS  A  FUNCTION  OF  INTENSITY 


The  shift  of  hue  with  intensity,  commonly  called  the  “Bezold-Brucke 
phenomenon,”  has  also  been  studied  by  Purdy  (1931)  who  extended 
the  earlier  work  of  Helmholtz,  Peirce,  Von  Bezold,  Briicke,  and  others. 
Using  two  stimuli,  one  of  ten  times  the  intensity  of  the  other,  Purdy 
obtained  results  illustrated  in  Fig.  1  -22.  The  abscissa  scale  corresponds 


Fig  1-22  Change  in  spectral  hue  with  change  in  intensity.  Abscissa  values  are 
wavelengths  of  1,000-photon  stimulus.  Ordinate  values  indicate  the  change  in  wave- 
tagth  required  to  produce  the  same  hue  with  a  100  photon  strmulus  (Purdy,  19,1, 

p.  548). 


to  the  wavelengths  of  a  series  of  1,000-photon  stimuli;  the  ordinates  rep¬ 
resent  the  changes  in  wavelength  front  each  of  these  values  for  a  100- 
photon  stimulus  necessary  to  produce  a  hue  match,  or  examp  c, 
the  1,000-photon  stimulus  at  a  wavelength  o  5-  /*-  ■ 

will  be  made  with  the  100-photon  strmulus  at  plus  20  m*  o  £ 
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become  redder  or  to  appear  to  move  in  the  direction  opposite  to  that 
for  the  central  regions  of  the  spectrum  where  the  ordinates  are  positive. 

Purdy  made  similar  studies,  comparing  light  intensities  of  2,000  pho¬ 
tons  with  100,  and  400  with  20.  Similar  curves  were  obtained,  the 
amount  of  the  shift  being  approximately  proportional  to  the  ratio  of 
the  intensities  being  compared.  Three  invariable  points  showing  no 
hue  shift  with  intensity  were  found  in  each  of  the  comparison  tests, 
these  points  in  all  cases  being  equal  approximately  to  571  m«,  506  m /x, 
and  474  m^.  It  is  interesting  to  note  that  these  wavelengths  correspond 
closely  to  three  of  the  psychological  primaries  (see  p  3). 

Purdy  studied  the  purple  colors  by  combining  in  various  proportions 
light  from  the  extreme  blue  and  red  ends  of  the  spectrum  and  compar¬ 
ing  two  different  intensity  levels  of  each  of  these  mixtures.  lie  found 
that  he  could  thus  extend  the  end  points  of  the  curve  such  as  that 
shown  in  Fig.  1-22  until  they  joined,  forming  a  single  continuous  curve 
for  all  hues  and  providing  an  additional  invariable  point  in  the  purples. 
Including  the  purple  hues,  the  whole  series  may  be  conveniently  grouped 
with  respect  to  the  invariable  points.  In  the  region  between  the  yel¬ 
lowish  and  the  greenish  blues  (571  m/*  down  to  474  ni/x),  the  hue  shift 
with  reduced  intensity  is  toward  blue-green  at  506  ni/x.  Outside  this 
spectra]  region,  the  shift  is  toward  the  invariant  point  in  the  purples. 
If  a  considerable  intensity  range  is  involved,  all  these  effects  become 
very  pronounced. 


PURITY  AND  SATURATION 

As  previously  discussed,  the  saturation  of  a  color  may  be  described 
roughlv  as  the  amount  of  hue  in  it.  One  of  the  early  attempts  at  an 
accurate  definition  of  saturation  was  that  given  by  Helmholtz,  who 
stated:  •  •  •  the  degree  of  saturation  may  be  denoted  by  the  proportion 
between  the  amounts  of  the  saturated  colour  and  white  that  go  to  make 
up  the  mixture”  (Helmholtz,  1924,  Vol.  2,  p.  130). 

This  definition  implies  that  all  spectrum  colors  have  the  same  satura¬ 
tion  i.e.,  are  fully  saturated.  They  do  not  appear  to  be  equally  satu¬ 
rated  however,  and,  under  proper  conditions  of  adaptation,  sensations 
of  color  exceeding  in  saturation  those  of  the  normal  spectrum  may  be 
experienced.  Other  definitions  have  therefore  been  devised  in  an  at- 
empt  to  maintain  a  closer  correspondence  between  the  term  saturation 

°f  !he  C°,0r-  For  examPle>  adding  to  Troiand, 

mjnesTdr  d  “Td-lf  °f  a"  e0'°rS  possessinS  a  hue,  which  deter- 
,r  degree  of  difference  from  a  gray  of  the  same  brilliance" 
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(Troland,  1922,  pp.  534-535).  Judd  has  defined  it  in  essentially  the 
same  way  as  the  “attribute  of  any  chromatic  color  which  determines  the 
degree  of  difference  from  the  achromatic  color  most  closelv  resembling 
it”  (Judd,  1940,  p.  3). 

The  “degree  of  difference”  as  used  in  these  definitions  may  be  based 
on  the  number  of  just  discriminable  steps  between  the  achromatic  and 
the  spectrum  colors,  on  equally  perceptible  steps,  or  on  critical  flicker 
frequencies  (Troland,  1922,  pp.  546-547).  The  central  portions  of  the 
spectrum,  the  yellows  and  greens,  have  relatively  low  saturations;  the 
extreme  blue  and  red  ends  have  much  higher  saturations.  Beyond  this 
rather  rough  qualitative  correlation,  however,  measures  of  saturation  for 
the  spectrum  colors,  and  for  all  others,  yield  results  which  are  dependent 
upon  the  type  of  measure  used  and  the  exact  technique  of  its  applica¬ 
tion.  Agreement  on  an  exact  definition  of  saturation  which  would  re¬ 
solve  minor  differences  has  never  been  reached.  For  the  time  being, 
therefore,  saturation  must  remain  a  term  without  a  precise  definition, 
although  the  objective  of  such  a  definition  can  be  accepted  to  be  that 
of  describing  a  psychological  attribute  of  the  color  involving  the  strength 
of  its  hue. 


COLORIMETRIC  PURITY 

Helmholtz’s  definition,  however,  can  be  put  into  precise  mathemati¬ 
cal  form.  Accepting  luminance  as  a  measure  of  amount  of  light,  it 

becomes: 

„  =  _  (1-20) 

Bw  4”  B\ 

The  quantity  pc  is  called  “colorimetric  purity.”  Bx  and  B„,  are,  respec¬ 
tively  the  luminances  of  the  spectrum  color  and  of  the  achromatic  hgh 
that' must  be  mixed  to  match  the  color  whose  colorimetric  purity  is 
being  determined.  For  colors  such  as  the  purples,  which  cannot  be 
matched  by  a  mixture  of  monochromatic  and  achromatic  hg  l  ,  it 
same  definition  is  applied  except  that  Bx  is  taken  as  t  ic  uminance 
of  the  complementary  color,  and  the  whole  expression  is  given  a  nega- 

^Because  both  saturation  and  colorimetric  purity  involve  the  same  gen¬ 
eral  attribute  of  color,  the  two  are  sometimes  used  mterchan  e.  >  y 
if  they  were  synonymous.  Actually,  they  arc  quite  different.  Since 

relative  terms,  no  direct  relationship  between  the  two  can  gnen 


SATURATION  AS  A  FUNCTION  OF  INTENSITY 

At  very  low  intensities  there  are  no  line  differences  among  different 
light  stimuli.  With  increase  in  intensity,  some  stimuli  develop  the  ap¬ 
pearance  of  a  hue,  but  at  low  saturation.  With  further  increases  in  the 
intensity,  greater  and  greater  saturations  are  attained  until,  for  some 
particular  value,  depending  upon  the  particular  purity  and  dominant 
wavelength  of  the  stimulus  and  on  the  adaptation  condition  of  the  eye, 
the  saturation  reaches  a  maximum.  At  still  higher  intensities  the  satu¬ 
ration  decreases. 

The  minimum  intensity  at  which  a  light  stimulus  is  visible  is  called 
the  absolute  or  general  threshold  of  vision.  The  minimum  intensity  at 


650  600  550  500  450  400 

Wavelength  (m^u) 


I  k..  1  •  _ ->  (a)  Absolute  or  general  threshold  and  ( b )  chromatic  or  specific  threshold 

as  functions  of  wavelength  for  a  visual  field  of  1.5°  (Purdy,  1930-1931,  p.  296). 


which  hue  begins  to  appear  is  called  the  chromatic  or  the  specific 
threshold.  The  intensity  interval  between  the  two  thresholds  is  called 
the  photochromatic  or  colorless  interval. 

1  he  colorless  interval  is  usually  taken  to  represent  the  range  of  ex¬ 
clusively  scotopic  vision  and  is  ascribed  to  rod  vision.  According  to  re¬ 
sults  obtained  by  Purdy  (1930-1931),  however,  a  colorless  interval  exists 
when  the  light  image  is  confined  to  as  little  as  0.5°  of  the  fovea  a 
region  which  is  usually  considered  to  be  free  of  rods.  The  general  and 
specific  threshold  intensities  that  he  found  for  the  various  wavelengths 
of  the  spectrum  arc  shown  in  Fig.  1-23.  In  obtaining  these  particular 
values,  a  visual  field  of  1.5*  was  used.  The  two  halves  of  the  field 
winch  were  illuminated  with  widely  separated  portions  of  the  spectrum 
ordc,  to  provide  a  maximum  of  contrast,  were  independently  towered 
m  intensity  until  each  appeared  gray.  As  seen  in  the  figure  there  is  an 

”>  .r;; 
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INTENSITIES  OF  MAXIMUM  SATURATION 


Purdy  (1930-1931)  also  determined  the  intensities  at  which  the  vari¬ 
ous  spectrum  colors  have  their  maximum  saturations.  Tests  were  made 
for  20  different  wavelengths,  varying  from  440  m/x  to  700  m/x,  with  a 
field  size  of  3°  and  a  dark  surround.  By  means  of  a  rheostat  in  series 
with  the  spectrometer  lamp,  the  intensity  was  raised  fairly  rapidly  until 
a  point  was  reached  at  which  the  saturation  of  the  color  no  longer 
seemed  to  increase  but  began  to  decline.  Purdy  states  that  no  great 
accuracy  could  be  achieved  except  to  give  a  general  characterization  of 
the  manner  in  which  the  maximum  point  varies  for  the  different  wave- 
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Fig.  1-24  Intensities  corresponding  to  the  maximum  saturations  for  the  various 
spectrum  colors  (Purdy,  1930—1931,  p.  ?0?). 

lengths.  These  results  are  shown  in  Fig.  1  - 24.  From  this  figure  it  is 
seen  that  saturations  are  at  a  maximum  at  relatively  high  intensities  for 
the  more  central  portions  of  the  spectrum,  the  greens  and  yellows  and 
at  relatively  low  intensities  in  the  end  regions,  including  the  reds  blues, 
and  violets.  A  rough  generalization  applies  to  these  results  in  that  the 
more  saturated  a  color  appears  in  the  normal  spectrum  the  lower  the 
intensity  at  which  its  saturation  becomes  a  maximum. 


HIGH-  AND  LOW-INTENSITY  VIEWING 

In  dealing  with  the  brightness  sensitivity  of  the  e\e  (sec  p.  26),  it  was 
stated Tat  a  curve  different  from  the  one  given  for  the  hunmos.ty  func- 
Sn  would  result  if  a  much  lower  level  of  ilk™, natron  were  us^  I 
Fie  1-25  curve  a  represents  the  brightness  sensitrvrty  for  moderately 
hifh  levels  of  luminous  intensity,  or  photopie  vision,  and  curve  b 
resents  that  for  low  intensities,  or  scotopie  vision.  Photop.c  v,s,on  takes 
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place  through  the  cones  of  the  retina,  and  scotopic  through  the  rods.* 
Vision  is  exclusively  scotopic  through  a  range  of  luminous  intensities 
extending  from  the  threshold  of  vision  to  that  necessary  to  stimulate  the 
cones.  At  somewhat  higher  intensities  vision  is  exclusively  photopic. 
Between  these  two  ranges  there  is  an  interval,  called  the  “Purkinje  re¬ 
gion,"  in  which  both  the  rods  and  cones  are  sensitive  to  intensity 
changes,  and  the  luminosity  function,  as  well  as  other  aspects  of  vision, 
have  characteristics  intermediate  between  those  applying  at  the  scotopic 


and  photopic  levels.  (Changes  in  the  form  of  the  luminosity  function 
in  the  Purkinje  region  have  been  studied  extensively  by  Sloan,  1928.) 

The  most  reliable  threshold-of-vision  data  are  probably  those  col- 
ected  by  Hecht  and  some  of  his  co-workers.  They  determined  that 
the  minimum  energy  at  the  cornea  necessary  for  vision  is  between  2.1 
a”  .  •  X  0  1  erg  (Hecht,  Shlaer,  and  Pirenne,  1941-194?  p  8?7) 
lh,s  ,s  for  monochromatic  light  at  510  m„  of  0.001-sec  duration™ 

zonfai’axisreaT  f,m,Vn,di'amet';':  l0Cated  2°°  temP°ral|y  on  the  hori¬ 
zontal  axis.  Their  calculations  showed  that  this  amount  of  energv  cor 

responds  to  a  number  of  quanta  between  58  and  148.  As  the  ocular 

media  transmits  only  approximately  50  percent  of  the  light  reaching  it 

and  he  light-sensitive  substance  of  the  rod  absorbs  less  than  20  percent' 

the  (minimum)  number  of  quanta  reacting  with  the  visual’ uumle  to 

events3  ’’T"  f°  ^  °n,y  5  t0  H  and  PO^ibly 

optimum  condhZ  ^  °"ly  t0  3  PartlCU'ar  under 

this  book.  Excellent  treahses  ml'  lir found  °f  W‘"  "0t  be  u"dertaken  in 

Southall  (1937),  Troland  (1929),  and  Polyak  (1941)“"  °'  references-  including: 
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The  data  just  given  express  the  threshold  of  vision  in  terms  of  ergs, 
or  energy  units,  and  are  not  readily  converted  into  units  of  luminance. 
In  an  earlier  study,  however,  Hecht,  Haig,  and  Wald  (1936,  p.  324) 
established  the  luminance  of  the  final  threshold  of  the  dark-adapted  eye 
for  large  fields  (up  to  20°)  to  he  between  1  and  10  /nnL  (1-10  X  10~9 
lambcrt). 

The  other  end  of  the  brightness  scale,  the  greatest  object  luminance 
which  can  be  viewed,  cannot  be  established  so  accurately  as  the  lower 
limit  because  of  the  extreme  physical  pain  which  accompanies  the  view¬ 
ing  of  an  intensely  bright  object.  The  illuminance  on  the  earth  s  sur¬ 
face  produced  by  the  sun  at  noon  on  a  summer  day  in  the  temperate 
latitudes  is  approximately  10,000  lumens  per  square  foot  (foot-candles). 
A  100  percent  reflecting,  perfectly  diffusing  surface  placed  at  right  angles 
to  the  rays  of  this  light  would  have  a  luminance  of  about  10  L.  The 
maximum  intensity  at  which  the  eye  can  be  effective  is  probably  be¬ 
tween  10  and  100  times  this  luminance  (Crozier  and  Holway,  1939,  p. 
344;  Committee  on  Colorimetry,  1952,  p.  105).  The  upper  luminance 
limit  of  vision  is  therefore  in  the  vicinity  of  101"  to  10'-  times  the  lumi¬ 
nance  of  the  dimmest  light  that  can  be  seen  (see  also  Crozier  and  Hol- 
Wav,  1939,  p.  344).  These  numbers  indicate  the  approximate  absolute 
range  of  intensities  over  which  the  eye  may  be  considered  an  effecti\e 

instrument. 

general  references  (See  pp.  673-693  for  full  citation) 

1.  Abney,  1913. 

2.  Committee  on  Colorimetry,  1952. 

3.  Evans,  1948. 

4.  Helmholtz,  1924. 

5.  Ladd-Franklin,  1929. 

6.  Polyak,  1941. 

7.  Southall,  1937. 

8.  Walsh,  1926. 

9.  Wright,  1947. 
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Systems  of  Color  Specification 
and  Measurement 


CHAPTER  II 


/^OLOR  specifications  arc  usually  expressed  in  terms  of  a  system 
based  either  upon  subtractive  colorant  mixtures,  additive  color  mix¬ 
tures,  or  color  appearances  (see  Foss,  1947).  Under  suitably  chosen 
viewing  conditions  the  colors  of  any  one  system  may  be  matched  by 
those  of  any  other,  and  in  this  sense  all  the  systems  are  interrelated. 
Even  so,  each  of  them  has  been  designed  for  particular  applications, 
and  there  is  no  one  which  in  all  respects  is  superior  to  the  others.  In 
handling  practical  problems  there  are  marked  advantages  in  having 
recourse  to  a  number  of  different  systems. 


Subtractive  Colorant  Systems 

Subtractive  colorant  mixtures  consist  of  combinations  of  dyes  or  pig- 

seerHs  d Ic'toTh  Tu  ^  or  reflectecl  W,  and  the  color 

een  is  due  to  the  light  remaining  after  partial  absorption  of  the  inci- 

dent  illumination  by  the  colorants.  1  C 

dfiStingUiShing  feahlre  0f  subtractive  colorant  systems  is  that  the 
p  cifications  are  given  in  terms  of  amounts  of  the  colorants  in  tbe 

mixtures.  Some  systems  of  both  the  additive-color-mixtnre  type  and  Le 
color-appearance  type  consist  of  color  samples  made  with  eobrants  W 

nc  rr  bred  ^ 

on  the  other  hand,  has  a  limited  number  of  00^1“  ^^ 
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ments,  and  stated  combinations  of  concentrations  of  these  colorants 
serve  to  designate  the  elements  of  the  system. 

There  are  many  colorant-mixture  systems.  A  few  illustrative  examples 
which  have  been  arbitrarily  selected  will  be  described  here.  They  in¬ 
clude  the  Lovibond  system,  the  Amy  solutions,  the  Nu-Hue  system,  and 
the  Ploeherc  color  system. 


LOVIBOND  SYSTEM 


In  the  Lovibond  system  of  color  measurement  an  instrument  called 
a  Tintometer  is  used  to  compare  the  light  from  a  sample  with  that 
transmitted  through  combinations  of  colored-glass  filters.  A  light  source 
is  employed  which  approximates  north  daylight.  The  color  samples  to 
be  measured  may  be  either  transmitting  or  reflecting.  Light  reflected 
from  a  block  of  magnesium  carbonate  provides  the  comparison  beam, 
which  is  then  allowed  to  pass  through  the  series  of  glass  filters. 

The  original  Tintometer,  developed  by  J.  W.  Lovibond  (1887,  1890, 
1893)  for  use  in  the  brewing  industry,  had  only  a  single  color  series, 
brown.  Modern  instruments,  dating  back  to  about  1896,  employ  three 
series  of  colors:  "red,”  "yellow,”  and  "blue.”  Gold,  silver,  and  cobalt 
serve,  respectively,  as  the  chief  coloring  materials.  An  achromatic  series 
is  available  for  use  in  the  sample  beam  when  sufficiently  transparent 
combinations  of  filters  cannot  be  obtained  in  the  comparison  beam. 
Measured  samples  are  designated  chromatically  in  terms  of  combina¬ 
tions  of  the  various  filters.  The -filters  are  made  so  that  a  combination 
of  a  red,  a  yellow,  and  a  blue,  each  of  the  same  scale  reading,  gives  an 
achromatic  color.  Scale  readings  are  also  additive  in  that,  for  examp  e, 
a  red  filter  with  a  scale  reading  of  0.07  is  equivalent  to  the  combination 
of  two  reds,  such  as  0.03  and  0.04,  whose  scale  readings  sum  to  0.0/. 

A  modified  Tintometer  is  used  in  the  Lovibond-Schoficld  systen 
(Schofield,  1939)  to  simplify  conversion  of  Lovibond  specifications  into 

those  of  the  CIE  system.  ,  ,  .  ,  . 

The  Lovibond  system  was  developed  in  England,  and  the  instruments 

and  glass  filters  are  manufactured  there  (The  lmtometcr  •)• 

tensive  spectrophotometric  and  colorimetric  analyses  of  the  Lovibond 
aTfilter:  have  been  made  at  the  United  States  Burean  of  an  a«L 
(Gibson,  Harris,  and  Priest,  1927;  Gibson  and  Haupt,  1934,  IIai.pt  and 

Douglas,  1947). 
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ARNY  SOLUTIONS 


Arny  solutions  were  developed  for  pharmacological  and  other  chemi¬ 
cal  work  where  colorimetric  comparison  tests  for  fluids  are  required 
(Arny,  1912,  1916;  Arny  and  Ring,  1915,  1916).  Eight  standard  aqueous 
solutions  are  used.  Most  of  the  color  gamut  is  covered  by  mixtures  of 
acidulated  solutions  of  cobalt  chloride  (red),  ferric  chloride  (yellow), 
and  copper  sulfate  (blue).  A  greater  range  of  colors  in  the  blues,  bluish 
reds,  and  reddish  blues  is  obtained  by  means  of  ammoniated  solutions 
of  salts  of  cobalt,  chromium,  and  copper.  Additional  colors  in  the  red 
and  violet  are  secured  with  solutions  of  potassium  permanganate  and 
potassium  dichromate.  Colors  are  specified  in  terms  of  the  depth  of 
fluid  mixture  through  which  the  light  beam  passes,  and  in  terms  of  the 
concentrations  of  the  component  standard  solutions.  Concentrations 
are  commonly  expressed  on  tenth-normal  or  fiftieth-normal  scales. 

NU-HUE  SYSTEM 

There  are  six  chromatic  colorants,  yellow,  red,  orange,  purple,  blue, 
and  green,  and  two  achromatic  colorants,  white  and  gray,  in  the  Nu-Hue 
paint  mixture  system  (Martin-Senour  Co.,  1946;  Foss,  1949,  p.  190). 
The  paints  are  designed  for  either  interior  or  exterior  use.  Samples  of 
paint  mixtures  are  available  on  3-by-5-in.  cards  and  in  other  forms.  The 
pigment  and  white-paint  components  making  up  each  sample  are  listed 
so  that  mixtures  of  matching  paint  can  be  made  up  in  any  desired 
quantities. 


I  he  arrangement  of  the  sample  paints  is  in  terms  of  the  three  vari¬ 
ables  of  the  system,  “hue,”  “black  content,”  and  “white  content.” 
Added  white  content  in  a  series  is  secured  by  adding  white  paint;  added 

black  content  is  usually  obtained  by  adding  pigments  of  the  comple¬ 
mentary  colors. 


PLOCHERE  COLOR  SYSTEM 


t]*ese  designations  indicate  the  chroma  level 
he  value  levels,  or  “white  content,”  are  designated 
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by  small  letters  which  follow  these  numerals.  The  most  saturated, 
bright  red,  for  example,  is  designated  as  Rla.  There  are  no  whites, 
grays,  or  blacks  in  the  1,248  listed  colors.  A  card  is  given  for  each  color, 
with  a  serial  number  on  its  back.  A  table  for  the  serial  numbers  gives 
the  designation,  the  name,  and  mixture  of  colorants  necessary  to  match 
the  color  of  the  card.  Each  set  of  colors  in  the  table  also  has  listed  with 


Fig.  2-1  Diagram  illustrating  relative  positions  of  various  color  harmonies  on  the 
Plochere  hue  circle  (Plochere,  1 048,  Plate  I). 

it  various  harmony  colors.  These  include  colors  for  two-tone,  three- 
tone.  four-tone,  and  split  complements.  The  relative  positions  of  van- 
ous  color  harmonies  on  the  hue  circle  are  also  given  in  Pig.  - 


USES  AND  LIMITATIONS  OF  COLORANT- MIXTURE 
SYSTEMS 

Colorant-mixture  systems  are  particularly  useful  when  colorants  are 
to  be  mixed  in  quantity  to  match  selected  colors.  Systematically  ar¬ 
ranged  samples  of  colors  can  be  prepared,  and,  from  the  same  const, tu- 
entf  larger  mixtures  can  be  made  to  match  any  chosen  sample.  An 
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essential  requirement  is  uniformity  in  product  for  the  base  colorants. 
Given  such  uniformity,  any  chosen  sample  should  be  matched  with 
speed  and  precision.  Such  systems  may  also  be  used  as  standards  sys¬ 
tems  in  providing  colorimetric  specifications  for  color  samples.  Their 
inherent  advantages  over  other  systems,  however,  are  in  this  case  less 
obvious. 

Colorant-mixture  systems  also  have  some  marked  disadvantages.  The 
gamut  of  colors  of  as  few  as  three  colorant  components  is  apt  to  be 
quite  limited,  and  therefore  a  somewhat  larger  number  is  usually  re¬ 
quired.  This  means  that  some  colors  can  be  matched  by  more  than  one 
combination  of  the  components.  Furthermore,  the  color  of  a  combina¬ 
tion  cannot,  in  general,  be  predicted  from  the  color  appearances  of  the 
components.  Even  two  components  which  look  alike  may  mix  with 
some  other  component  to  give  quite  different  sets  of  colors.  This  fea¬ 
ture  emphasizes  the  importance  of  maintaining  uniformity  of  product 
in  the  base  colorants,  both  in  their  appearances  and  in  their  spectral 
absorption  characteristics,  if  given  mixture  ratios  of  the  components  are 
always  to  result  in  matching  colors. 

A  final  major  disadvantage  of  the  colorant-mixture  systems  is  that 
there  are  no  simple  visual  relationships  corresponding  to  simple  mixing 
ratios  of  the  components.  A  neutral  colorant  added  to  a  saturated  one 
may  alter  its  hue  markedly.  A  one-to-one  mixture  ratio  of  two  com¬ 
ponents  is  apt  to  give  a  mixture  color  which  in  appearance  is  far  from 
halfway  between  the  colors  of  the  components.  Successive  equal  addi¬ 
tions  of  one  component  to  another  are  likely  to  give  a  senes  which  varies 
in  hue  as  well  as  saturation  and  lightness,  and  in  which  the  successive 
members  obviously  are  not  equally  separated  visually. 

Colorant-mixture  systems  are  of  particular  interest  in  the  study  of 
color  photography  because  subtractive  processes  use  such  systems.  The 
general  features  already  discussed  are  applicable;  detailed  consideration 
of  these  characteristics  as  they  apply  to  photographic  systems  will  be 
deferred  to  later  chapters. 


Color-Mixture  Systems 

Cdor-mixture  systems  are  based  upon  the  principles  of  additive  color 
mixture.  I  hese  principles  were  discussed  in  Chapter  1. 


CIE  SYSTEM 


The  most  widely  used  of  the  color-mixture  systems  is  that  of  the 
Commission  Internationale  de  l’Eclairage,  commonly  called  the  CIE 
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system.*  Resolutions  establishing  the  system  were  adopted  at  a  meeting 
of  the  Commission  in  Cambridge,  England,  in  1931  (Commission  Inter¬ 
nationale  de  l’Eelairage,  1932).  The  resolutions  specified  certain  stand¬ 
ard  illuminants,  viewing  conditions,  and  methods  of  measurement,  and 
defined  a  “standard  observer”  in  terms  of  his  visual  responses  to  various 
types  of  color  stimuli.  These  standards  have  been  widely  accepted  and 
provide  an  international  system  of  color  specification  which  has  greatly 
facilitated  the  exchange  of  color  information.  Almost  equally  impor¬ 
tant,  the  mathematical  form  of  the  system  provides  simple  and  unam¬ 
biguous  methods  for  routine  color  analyses  and  has  served  to  stimulate 


the  study  of  color  problems. 

Little  by  way  of  theory  or  recommended  practice  was  included  in  the 
CIE  standards  that  was  not  previously  published  or  made  use  of  in  some 
laboratories.  The  importance  of  the  system  comes  from  its  influence  in 
standardizing  color  practices.  Such  standardization  has  been  of  real 
significance,  and  undoubtedly  it  has  stimulated  many  advances  that 
otherwise  would  not  have  been  made.  It  has  provided  research  workers 
in  color  with  a  common  language  for  expressing  their  results  and  has 
made  economically  feasible  the  publication  and  wide  distribution  of 
tables  and  descriptions  of  short-cut  methods  for  handling  color  prob¬ 
lems  which  greatly  reduce  the  labor  that  otherwise  would  be  necessary. 

Any  system  involving  standardized  characteristics  such  as  those  at¬ 
tributed  to  the  “standard  observer”  does  have  serious  limitations. 
People,  even  those  with  “normal”  vision,  do  not  all  have  the  same  eye 
characteristics.  The  physiological  and  mental  mechanisms  involved  in 
transforming  a  color  stimulus  into  a  sensation  vary  from  person  to  per¬ 
son,  just  as  people  vary  in  height,  weight,  and  other  characteristics.  An 
average  color  response  for  a  group  of  people  can,  of  course,  be  e  r- 
mined  in  a  manner  quite  analogous  to  that  used  in  determining  an 
average  for  any  other  human  attribute.  If  the  variation  around  this 
average  is  large,  however,  or  the  viewing  conditions  under  which 
tests  are  made  are  quite  different  from  those  normally  experienced 
value  of  the  system  is  much  less  than  it  otherwise  would  be.  A  third 
possible  difficulty  which  may  limit  the  value  of  the  system  is  t  a  it 
average  may  be  taken  for  a  group  of  people  which  is  small  and  not  rep¬ 
resentative,  thus  giving  a  result  differing  significantly  from  that  o 
general  population.  Even  a  brief  study  of  the  present  CIE  system  w,l 
feveal  that  the  first  two  of  these  factors  are  of  such  magnitude 
of  importance,  and  the  third  may  be  also. 

.  Frequently  referred  to  in  the  United  States  as  the  1C,  system  .ton,  the  title  in 
English  “International  Commission  on  Illumma  ion. 
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Despite  any  such  limitations,  however,  the  CIE  system  provides  by 
far  the  best  means  available  for  studying  many  types  of  color  Problems 
and  continual  reference  will  be  made  to  it  throughout  this  book.  The 
system  will  therefore  be  considered  in  some  detail.  It  is  hoped  tha 
study  of  the  system  will  enable  the  reader  to  understand  and  use  it,  and, 
equally  important,  to  judge  the  degree  to  which,  in  various  types  of  prob- 

lems,  the  answers  it  gives  are  meaningful.  . 

The  resolutions  establishing  the  CIE  standards  will  be  briefly  sum¬ 
marized,  followed  by  a  more  detailed  consideration  of  the  sources  of 
the  data  and  specifications  included  in  them. 


CIE  RESOLUTIONS 

The  essential  points  of  the  CIE  resolutions  were  (Commission  Inter¬ 
nationale  de  l’Eclairage,  1932  and  1943;  Smith  and  Guild,  1931-1932): 

1.  Three  standard  illuminants,  A,  B,  and  C,  were  defined,  in  which  A  is  a  gas- 
filled  lamp  operating  at  a  color  temperature  of  2,848°  K,  and  B  and  C  each  consists 
of  this  same  lamp  with  a  specified  filter.  The  spectral  energy  distribution  of  Illu- 
ininant  A  was  defined  as  that  of  a  black  body,  and  values  for  Illuminants  B  and  C 
were  tabulated  at  10-m/z  intervals  from  370  mu  to  720  m/i. 

2.  Standard  viewing  conditions  for  reflecting  materials  were  described  as  those  in 
which  the  illumination  is  incident  at  an  angle  of  45°,  and  the  line  of  observation  is 
normal  to  the  surface  of  the  specimen.  Luminances  of  opaque  materials  were  to  be 
expressed  relative  to  the  luminance  of  a  magnesium  oxide  surface  under  the  same 
conditions  of  illumination. 

3.  The  “1931  CIE  standard  observer”  was  defined  in  terms  of  the  previously 
adopted  CIE  standard  luminosity  function  and  in  terms  of  the  proportions  of  light 
stimuli  of  wavelengths  700  m/z,  546.1  m/t,  and  435.8  m/z  necessary  to  match  the 
spectrum  colors  at  5  m/z  wavelength  intervals  from  380  m/z  to  780  m/z.  Tabulations 
of  the  data  were  included.  Unit  amounts  of  the  three  stimuli  were  defined  as  those 
having  relative  luminosities,  respectively,  of  1:4.5907:0.0601. 

4.  Three  unitary  stimuli,  X,  Y.  and  Z,  were  recommended  for  standard  color 
specification  and  defined  by  means  of  four  equations  in  X,  Y.  and  Z  specifying,  re¬ 
spectively,  Standard  Illuminant  B  and  homogeneous  radiations  of  700  m/z,  546.1  m/z, 
and  435.8  m/z.  The  four  equations  and  the  tabulations  of  the  spectrum  colors  in 
terms  of  these  same  three  homogeneous  radiations  were  used  to  secure  a  tabulation 
of  the  spectrum  colors  in  terms  of  coefficients  of  X,  Y,  and  Z. 

LUMINOSITY  FUNCTION 

A  plot  of  the  luminosity  function  was  given  in  Fig.  1-12.  Values  of 
this  function  were  given  in  the  1931  CIE  resolutions  at  5-m/z  intervals 
from  380  m/z  to  780  m/z.  Of  these  the  values  at  the  even  10-ni/z  inter¬ 
vals  were  the  same  as  those  recommended  by  Gibson  and  Tyndall 
(1923-1924),  and  adopted  by  the  International  Commission  on  Illumi- 
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nation  in  1924  (Crittenden,  1924).  The  recommendations  by  Gibson 
and  1  yndall  were  based  upon  the  results  of  their  own  study  and  those 
of  a  number  of  other  investigators  (Gibson  and  Tyndall,  1923-1924; 
Coblentz  and  Emerson,  1918-1919).  The  scale  which  they  used  was 
an  arbitrary  one,  selected  to  give  a  maximum  of  about  1.00.  Later, 
Judd  (1931)  described  a  method  of  interpolation  suitable  for  application 
to  the  luminosity  function  and  applied  it  to  obtain  values  at  each  mil¬ 
limicron.  The  values  he  gave  for  the  millimicron  wavelengths  ending 
in  5  were  included  in  the  resolutions  adopted  by  the  CIE  in  1931,  and 
gave  a  maximum  value  at  555  niju,  of  1.0002. 

The  studies  considered  by  Gibson  and  Tyndall  in  making  their 
recommendations  reported  a  total  of  278  sets  of  observations.  The 
actual  number  of  observers  was  fewer  than  this,  as  some  were  used  in 
more  than  one  study.  The  values  adopted  do  not  correspond  to  the 
results  obtained  in  any  single  study  nor  are  they  an  average.  Values 
were  selected  from  one  or  more  of  the  studies  for  different  regions  of 
the  spectrum  through  considerations  of  the  conditions  under  which 
each  set  of  data  was  collected,  and  of  the  best  agreements  that  could 
be  obtained  among  those  results  which  were  thought  to  be  most  reliable. 


COLOR- MIXTURE  DATA 

The  color-mixture  characteristics  ascribed  to  the  standard  observer 
were  derived  from  investigations  in  England  by  Guild  (1932)  and 
Wright  (1928-1929).  The  primaries  of  the  Guild  colorimeter  were 
obtained  by  means  of  red,  green,  and  blue  filters.  A  rotating  prism 
was  used  to  reflect  the  radiations  from  the  filters  into  the  observer’s 
eye,  giving  a  series  of  rapid  impulses  of  red,  green,  and  blue  light, 
which,  due  to  persistence  of  vision,  were  seen  as  a  single  uniform  color. 
The  Wright  colorimeter  primaries  were  three  sets  of  radiations,  selected 
by  means  of  reflecting  prisms,  from  a  spectrum.  A  fairly  narrow  range 
of  wavelengths  was  included  in  each,  with  centers  at  650  nip.,  530  m/x, 
and  460  m/x,  respectively.  A  system  of  neutral  filters,  lenses,  and  prisms 
was  used  to  control  the  amounts  of  the  primaries  and  to  combine  them 
so  that  a  visual  match  could  be  made  with  the  monochromatic  test 
light,  also  taken  from  a  spectrum  by  means  of  a  reflecting  prism.  Seven 
observers  were  used  in  Guild’s  study,  and  ten  in  Wright’s.  In  order  to 
compare  their  two  sets  of  data,  transformations  of  both  were  made  to  a 
system  with  primary  stimuli  of  monochromatic  radiations  at  700  m* 
546  1  m*  and  435.8  m/x.  These  primaries,  which  represent  the  extreme 
red  end  of  the  spectrum  and  two  strong  mercury  spectral  lines,  were 
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selected  because  they  had  for  some  time  served  as  standards  for  the 
National  Physical  Laboratory  in  England. 

Deviations  of  the  Wright  and  Guild  data  from  those  finally  adopted 
for  the  color-mixture  curves  are  shown  in  Fig.  2*2.  In  general,  the  two 
sets  of  data  compare  favorably,  but  there  are  differences,  particularly 
in  the  green  and  blue-green  regions  of  the  spectrum.  Agreement  is 
better  in  the  yellow  and  blue  regions  and  is  quite  good  in  the  red.  In 
analyzing  the  two  sets  of  results,  Guild  (1932,  p.  151  and  pp.  168-172) 
states  that,  taken  as  averages  for  a  number  of  observers,  the  differences 
between  the  mean  values  for  the  two  groups  is  of  such  magnitude  in 
some  regions  of  the  spectrum  as  to  be  significant.  This  would  indicate 
real  differences  in  the  color  vision  of  the  two  groups  of  observers,  a 
systematic  difference  introduced  by  a  slight  difference  in  the  standard 


white  light  of  the  two  laboratories,  or  by  some  instrumental  discrepancy. 
If  considered  as  a  comparison  between  two  individuals,  however,  the 
differences  are  not  great.  By  this  is  meant  that,  if  each  mean  set  of 
data  was  assumed  to  define  accurately  the  properties  of  a  hypothetical 
observer,  then  neither  observer  would  be  able  to  disagree  definitely  with 
a  color  match  made  by  the  other. 

Variations  among  the  individual  observers  are  not  shown  in  Fig.  2-2, 
but  were  fairly  marked.  Variations  were  greatest  in  the  blue-green 
region  of  the  spectrum,  the  same  region  which  showed  the  greatest 
difference  between  the  means  of  the  two  groups.  The  chief  factors 
which  might  conceivably  cause  such  variations  are  (1)  instrumental 
errors,  (2)  variations  in  macular  pigmentation,  (3)  differences  in  the 
total  or  over-all  sensitivities  of  the  receptors,  or  (4)  differences  in  sensi- 
tnity  distributions  of  one  or  more  of  the  receptors.  By  using  for  each 
observer  the  quantities  which  mix  to  match  a  particular  “white”  as 
unit  amounts  of  his  primaries,  Guild  eliminated  (3),  differences  due  to 
total  sensitivities,  as  a  source  of  variation.  For  each  of  his  observers 
Wright  determined  unit  quantities  of  the  primaries  according  to  the 
proportions  necessary  to  match  two  monochromatic  regions  of  the  spec¬ 
trum  and  by  tins  means,  was  able  to  eliminate  both  (2),  variations  in 
macular  pigmentation,  and  (3),  differences  in  total  receptor  sensitivities 
as  factors  causing  variations  among  his  observers.  By  separate  deter- 

Znd  that  th  TVC  qUantiti£S  white  WrSht 

found  that  the  yellow  macular  pigmentation  of  the  eye  varies  from 

observer  to  observer,  giving  rise  to  variations  in  the  saturations  of 

colors  passing  through  it  and,  to  a  lesser  extent  in  thdr  hue  Aft 
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strument,  Wright  showed  that 
tion  that  must  be  attributed  to 
of  the  three  assumed  receptors. 

The  CIE  color-mixture  curves 
546.1  nifx,  435.8  were  shown  in 
Fig.  1  •  5.  The  ordinates  of  these 
curves  are  commonly  called  trichro¬ 
matic  coefficients.  The  curves  were 
obtained  by  Smith  and  Guild  by 
averaging  and  smoothing  the  origi¬ 
nal  data  of  Wright  and  Guild. 

By  means  of  linear  transforma¬ 
tions  (described  in  the  preceding 
chapter),  the  trichromatic  coeffi¬ 
cients  as  plotted  in  Fig.  1  •  5  may  be 
obtained  for  any  new  set  of  prima¬ 
ries,  real  or  unreal.  The  particular 
primaries,  X,  Y,  and  Z,  included  in 
the  CIE  standards,  were  chosen  to 
eliminate  negative  coefficients,  to  se¬ 
cure  X  and  Z  primaries  which  would 
have  zero  luminosities,  and  to  bring 
the  sides  of  the  trichromatic  tri¬ 
angle  as  close  to  the  spectral  locus 
as  possible. 

A  chroma  ticity  diagram  for  the 
real  primaries  R  =  700  m^,  G  = 
546.1  m/i,,  and  B  =  435.8  m/*  is 
shown  in  Fig.  2-3.  The  coordi¬ 
nates  of  any  point  are  r  and  g,  the 
trichromatic  coefficients  of  the  color 
represented  by  the  point.  The  third 
coefficient,  b,  equals  1  —  r  -  g  and 
can  therefore  be  determined  from 
the  other  two  coefficients.  A  tri¬ 
chromatic 
cients  in 
B,  of  one 


terms  of  the  real  primaries,  700  ni/t, 


Fig.  2-3  Chromaticity  diagram  in 
terms  of  the  real  primaries,  R  =  700 
m/u,  G  =  546.1  mu,  and  B  =  435.8 
m^.  The  X.  Y.  and  Z  indicate  the 
positions  of  the  hypothetical  CIE  pri 
maries  on  this  chart.  The  line  passing 
through  X  and  Z  is  called  the  alychne 
and  corresponds  to  the  set  of  colors 
of  zero  brightness  (Smith  and  Guild 
1931-1932,  p.  87). 


unit  of  a  color  is  defined  as  the  amount  for  which  the  coe 
the  color-matching  equation  sum  to  unity.  The  luminan 
trichromatic  unit  of  any  color  is  therefore  given  by: 


there  was  appreciable  remaining  varia- 
variations  in  the  sensitivity  distributions 

in 


where  BR, 
primaries. 


B  -  rBR  +  gBG  -f  bBB  {2-\a) 

B„  and  B„  are  the  luminances  of  the  red,  green,  and  blue 
ri.e  relative  luminances  for  the  three  primaries  are  known 
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to  be  1:4.5907:0.0601.  As  r  -j-  g  -|-  b  =  1  and  the  coefficient  h  can 
be  eliminated,  the  equation  reduces  to: 

B  =  vBr  +  gBo  +  (1  —  r  —  g)Bs  (2- 1  b) 

B  =  r  +  4.5907g  +  0.0601(1  -  r  -  g )  (2-1  c) 

The  locus  of  points  for  which  the  luminosity  equals  zero  may  be  ob¬ 
tained  by  setting  B  =  0.  If  this  is  done,  equation  2-lc  reduces  to: 

0.9309r  +  4.5306g  +  0.0601  =  0  (2-2) 

This  is  the  equation  of  a  straight  line  called  the  “alychne,”  and  its 
location  on  the  color  chart  is  shown  by  the  line  just  under  the  R  —  B 


Fig  2-4  CIE  chromaticity  diagram  for  the  hypothetical  pnmanes  X.  Y,  and  Z. 
Positions  are  shown  of  the  real  primaries,  R  =  700  nv,  G  =  546.1  iw,  and  B  - 
435.8  niM- 


axis  of  the  chart.  By  putting  the  primaries  X  and  Z  on  this  stra.gh 
line,  primaries  with  zero  luminosities  were  obtained.  I  he  other  co 
tions  mentioned  above  were  obtained  by  the  proper  Piemen 
and  Z  along  this  line  and  of  the  Y  primary  at  such  a  position  ‘hat  con 
ncctine  lines  between  it  and  the  other  two  primaries  would  be  tangent, 
or  nearly  Tangent,  to  the  spectral  locus.  The  X,  Y,  and  Z  primaries 
“e  Shown  onSthe’R,  G.  ami  B  chart  in  Tig.  2- J.  When  a  transform, 
tion  is  made  so  that  the  primaries  X.  Y,  and  Z :  appear  1 
of  the  color  triangle,  the  result  shown  in  Fig.  2  4  is  obtained. 
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STANDARD  ILLUM INANTS  AND  OBSERVING 
CONDITIONS 

In  setting  up  the  CIE  standards,  it  had  been  hoped  that  a  single 
standard  illuminant  could  be  adopted  to  which  all  other  measurements 
would  be  referred.  Because  of  differences  in  practice  which  were  well- 
established  before  1931,  no  single  light  source  was  agreed  upon.  As 


Fig.  2-5  Relative  energy  distributions  of  CIE  standard  illuminants  A,  B  and  C 
(Committee  on  Colorimetry,  1944c,  p.  635). 

finally  approved,  three  were  selected,  and  given  the  designations  of 
A  B’  and  C-  The  color  temperature  of  Illuminant  A 
(A«43  k)  was  chosen  to  match  that  of  a  standard  lamp  in  the  United 
States  Bureau  of  Standards.  Illuminants  B  and  C  were  chosen  because 
their  color  temperatures  of  approximately  4,800°  K  and  6  500°  K  cor¬ 
responded  roughly  to  two  types  of  daylight.  The  pertinent  data  for 
these  standards  were  supplied  by  Davis  and  Gibson  (1931a)  of  the 

United  states  Bureau  of  Standards.  The  energy  distributions  of  these 
three  illuminants  are  shown  in  Fig.  2  •  5 

It  was  recommended  that  a  reflecting  material  would  be  viewed  with 
the  illuminant  incident  to  the  surface  of  the  specimen  at  an  angle  of 
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43°  and  the  line  of  observation  normal  to  the  surface.  Luminances  of 
opaque  materials  were  to  be  expressed  relative  to  the  luminance  of  a 
surface  of  magnesium  oxide  under  the  same  conditions  of  illumination. 
These  standards  were  previously  in  use  at  the  National  Physical  Lab¬ 
oratory  in  England.  Studies  there  indicated  that  a  thin  coat  of  mag¬ 
nesium  oxide  smoked  onto  the  surface  of  silver  or  other  white  metal 
of  high  reflectivity  gave  an  effective  reflection  of  almost  100  percent. 

TRISTIMULUS  VALUES 

The  transformation  equations  derived  for  securing  trichromatic  co¬ 
efficients  for  the  CIE  unreal  primaries,  X.  Y,  and  Z,  from  the  real  pri¬ 
maries  of  700  m fx,  546.1  ny,  and  435.8  ny,  will  perform  a  corresponding 
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F,c.  2-6  CIE  tristimulus  values  X,  v,  and  5 for  the  spectrum  colors  (Committee  on 


Colorimetry,  1944,  p.  642). 


transformation  for  the  distribution  coefficents.  1  hes coeffic.e nts 
tristimulus  values  for  unit  amounts  of  energy,  were  plotted  for  the  . 
nnmaries  in  F^g  M7.  As  converted  to  those  for  the  prnnanes  X.  Y, 
anTz  they  are  plotted  in  Fig.  2-6.  These  coefficients  are  commonly 

symbolized  by  x,  y ,  and  z. 
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Any  color  is  specified  in  the  CIE  system  by  its  tristimulus  values  X, 
Y,  and  Z.  Omitting  the  normalizing  constant,  these  values  are  defined 
for  radiant  flux  distribution,  P,  as  (Committee  on  Colorimetry,  1944, 
p.  646): 


r 

J0 


xP  dX  Y 


-f 

Jo 


yP  dX  Z 


Jo 


zP  dX 


(2-3 a) 


For  transmitting  or  reflecting  surfaces  they  are  defined  as  (Committee 
on  Colorimetry,  1944,  p.  646): 


X  = 
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xPTdX 


/  yP 
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Y  = 
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Jo 


yPTdX 
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zPT  dX 


dX 
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Jo  Jo 


(2  -3d) 


y  P  dX 


Values  of  x,  y,  and  z  are  tabulated  in  various  publications  (Com¬ 
mittee  on  Colorimetry,  1944,  p.  642;  Hardy,  1936,  pp.  35-38,  Wright, 
1944,  p.  209).  As  the  tabulations  are  generally  given  between  380  m^ 
and  780  m/x,  these  wavelengths  set  the  actual  limits  of  integration. 
Values  of  the  distribution  coefficients  less  than  400  and  greater  than 
700  niju,  are  so  small,  however,  that  the  narrower  limits  are  often  made 
use  of  in  practice. 

Denoting  by  C  a  color  which  is  to  be  specified,  its  tristimulus  values 
may  be  considered  as  the  coefficients  in  a  vector  equation: 

C  =  XX  4-  YY  +  ZZ  (2-4) 

where  X,  Y,  and  Z  represent  unit  amounts  of  the  three  CIE  primaries. 

As  the  primaries  X  and  Z  were  selected  to  have  zero  brightnesses,  the 
tristimulus  value  Y  is  the  luminance,  in  arbitrary  units,  of  the  color. 
In  the  case  of  transmitting  or  reflecting  surfaces,  the  value  Y  equals 
the  luminous  transmittance  or  luminous  reflectance. 


W'EIGHTED-ORDINATE  METHOD 

Values  of  the  tristimulus  value  integrals  are  found  by  numerical  in¬ 
tegration,  usually  following  the  trapezoidal  rule  with  what  is  called  the 
weighted-ordinate  method.  These  summations  are  given  by: 


A  AX  Y=  AX  Z  =  AX  2  z,P,  (2 -5a) 

l~1  1  =  1 

65 


for  a  light  stimulus  and 


(2-5*) 


n  n  n 


X  y*Pi  X  y%Pi  X  JiPi 


for  a  reflecting  or  transmitting  surface.  The  summation  is  carried  out 
at  equal  intervals  throughout  the  spectrum.  Intervals  of  1  m /a,  5  m/A, 
10  m [x,  or  20  m/A  may  be  used,  depending  upon  the  precision  sought  in 
the  result.  In  most  cases  the  distribution  of  P  is  known  only  in  relative 
units.  A  change  in  the  system  of  units  does  not  alter  the  X,  Y,  and  Z 
values  in  cases  of  reflection  or  transmission.  In  the  direct  evaluation 
of  the  radiant  energy,  however,  the  values  will  depend  upon  the  units 
of  P.  Computations  for  surfaces  are  greatly  simplified  by  normalizing 
the  units  so  that 


n 


Z  =  i 


and  by  using  the  product  distributions  of  .vP,  yP,  and  zP  instead  of  the 
separate  components  of  these  products.  Values  of  these  products  have 
been  published  for  the  standard  CIE  illuminants  (Committee  on  Col¬ 
orimetry,  1944,  p.  643;  Hardy,  1936,  pp.  38-48;  and  Wright,  1944,  pp. 
210-212)  and  for  some  other  light  sources  (Committee  on  Colorimetry, 

1944,  pp.  644-647). 

SELECTED-ORDINATE  METHOD 

A  second  type  of  procedure  for  numerical  integration  is  called  the 
selected-ordinate  method  (Hardy,  1936,  pp.  49-54).  It  may  be  illus¬ 
trated  for  the  tristimulus  value  X  as  follows.  I  he  integral  foi  X  may 
be  written  in  summation  form  as. 


(2 -6a) 


x  =  X  (v 


i=l 


where,  for  purposes  of  approximating  the  value  of  the  integral,  the  size 
of  the  increments,  AA„  may  be  chosen  in  any  convenient  manner.  Sup¬ 
pose  we  choose  these  intervals  in  such  a  way  that: 


We  can  then  factor  out  the  Kx.  The  expressions  for  X,  along  with  those 
for  Y  and  Z,  then  become: 

X=KxZPi  Y=Kvj^Pj  Z  =  Kzj^Pk  (2 -6c) 

i=l  j=l  k= 1 

The  values  of  P*  are  determined  at  the  midpoint  of  each  of  the  incre¬ 
ments,  A  A;.  As  the  increments  for  X,  Y,  and  Z  will  be  chosen  differ¬ 
ently,  Pi,  Pj,  Pk  will  be  read  at  different  wavelengths.  Once  these  wave¬ 
lengths  have  been  determined,  the  ordinates  at  the  wavelengths  need 
only  be  summed  and  multiplied  by  the  proper  constants  to  give  the 
tristimulus  values. 

Similar  equations  for  tristimulus  values  as  applied  to  transmitting  or 
reflecting  surfaces  are  given  by: 


x  =  K,  £  Ti  Y=  K„Z  Tj  Z=K,Y,  n 

*'= 1  3  =  1  k=  1 

where,  in  this  case: 


(2  -6J) 


Kx  = 


V  i  P  i  AA  j 


Ky 
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Kz  = 
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2 >kP , k  AX  it 
n{yjPj  A  Ay) 


(2  •  6e) 


niJ'jPj  AAy) 

Wavelengths  for  selected-ordinate  method  computations  for  x,y}  and  z, 
and  for  these  coefficients  in  combination  with  standard  illuminants  are 
given  in  tables  of  several  references  (Hardy,  1936,  pp.  50-54;  and  Com¬ 
mittee  on  Colorimetry,  1944,  pp.  649-663).  The  chief  advantage  of  the 
selected-ordinate  method  is  that  a  direct  sum,  rather  than  the  sum  of  a 
series  of  products,  is  obtained  in  determining  a  set  of  tristimulus  values 
This  difference  is  of  considerable  consequence  if  rapid  calculating  ma¬ 
chines  are  not  available. 

Positions  of  readings  along  the  wavelength  scale  in  the  selected-ordi¬ 
nate  method  are  chosen  more  nearly  in  accord  with  their  relative  influ¬ 
ence  on  the  tristimulus  values  than  in  the  weighted-ordinate  method 
consequently,  assuming  that  for  a  tristimulus  value  the  same  number  of 
ordmate  readings  are  obtained,  and  that  they  are  equally  precise  the 
selected-ordinate  method  will  usually  g,ve  greater  accuracy  On  die 
er  hand,  if  the  ordinate  values  are  secured  from  a  graph,  their  close 
pacing  m  some  regions  of  the  spectrum  makes  them  difficult  to  read 
and  the  total  number  of  readings  is  three  times  greater  for  t  sale  t  d 

selected6  'd  f  tha "  ^  the  wei^ed-ordinate  method  Wmn  the 
selected-ordinate  method  is  applied  to  reflecting  or  transmitting  s„r 
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faces,  it  is  furthermore  necessary  to  choose  entirely  new  sets  of  wave¬ 
lengths  with  every  change  in  illuminant.  These  difficulties  may  be 
partly  alleviated  by  means  of  transparent  templates  which  can  be  placed 
over  the  graphs  to  indicate  the  wavelengths  at  which  the  readings 
should  be  taken. 


TRICHROMATIC  COEFFICIENTS 

CIE  trichromatic  coefficients,  x  and  y,  are  defined  as: 


.v  =  X/m  y  =  Y/m  (2-7^) 

where  m  is  the  number  of  trichromatic  units  of  the  color,  and  is  given 
by: 

m  =  X+Y-\-Z  (2-7*) 


The  two  trichromatic  coefficients  taken  together  indicate  the  chroma- 
ticity  of  the  color. 

Trichromatic  coefficients  are  plotted  on  chromaticity  diagrams  to 
give  a  two-dimensional  graphical  representation  of  colors.  Such  a  dia¬ 
gram,  with  the  positions  shown  of  the  spectrum  locus  and  of  a  set  of 
real  primaries,  was  given  in  Fig.  2*4.  This  type  of  graphical  representa¬ 
tion  often  makes  relationships  stand  out  which  otherwise  would  be  ob¬ 
scure.  Also,  some  of  the  simpler  problems  in  color  mixture  can  be 
partially  or  completely  solved  graphically,  giving  a  more  rapid  means  of 
approximating  certain  types  of  results.  1  his  is  particularly  true  of 

additive  mixtures  of  a  small  number  of  colors. 

Suppose,  for  example,  that  two  colors  which  are  to  be  mixed  are  given 

by  the  vector  equations: 


C,  =  AhX  +  Y,Y  +  Z{L 
C,  =  Ar2X  4-  Y2Y  +  Z2Z 


(2-8 a) 


The  equation  for  the  additive  mixture  is  then  given  by: 

C  =  c,  +  C2  =  (X,  +  *2)X  +  m  +  Y„)  Y  +  (2,  +  22)Z  (2-8#) 

From  the  first  two  equations,  the  trichromatic  coefficients  of  tire  two 
colors  are: 

xx  =  X\/m\  y  i  =  Y\/mx 


*2  =  X2/m2  y2  =  Y 2/^2 
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(2-8f) 


The  coefficients  for  the  mixture  are: 


Xi  +  X2  >»1*1  +  W2*2 

m\  +  m2  *1  T"  m2 

Yi  H-  Y2  _  mxyi  +  m2y2 
m\  +  m2  mi  +  m2 


(2-8  d) 


These  equations  indicate  that  the  chromaticity  point  of  an  additive 
mixture  falls  on  the  straight  line  connecting  the  points  of  the  two 
component  colors. 

Similar  equations  for  additive  mixtures  of  three  or  more  colors  can 
be  derived,  giving: 


mxxi  -f  m2x2  +  •  ■  •  +  mnxn 
mi  -f-  m2  H - 1-  mn 

mxy i  +  m2v2  -| - f-  mnyn 

mx  +  m2  d - b  mn 


(2-8.) 


By  means  of  a  mechanical  analogy,  it  is  evident  that  the  location  of 
the  chromaticity  of  any  additive  mixture  of  colors  is  at  the  center  of 
gravity  of  the  chromaticities  of  the  colors  making  up  the  mixture,  each 
color  being  weighted  by  the  number,  m,  of  its  trichromatic  units. 

Color  specification  of  a  sample  in  terms  of  monochromatic-plus- 
white  is  easily  obtained  by  means  of  the  CIE  chromaticity  diagram.  A 
straight  line  is  drawn  from  the  assumed  achromatic  point,  through  the 
chromaticity  point,  to  the  spectrum  locus.  The  wavelength  intercepted 
is  the  dominant  wavelength  of  the  sample.  If  the  spectrum  locus  is 
not  intercepted  by  such  a  line,  as  will  be  true  for  the  purples,  the  line 
is  extended  in  the  opposite  direction.  This  is  equivalent  to  adding  the 
spectral  light  to  the  sample  and  gives  the  dominant  wavelength  com¬ 
plement. 

Excitation  purity,  rather  than  colorimetric  purity,  is  commonly 
used  in  conjunction  with  the  CIE  chromaticity  diagram  for  a  mono¬ 
chromatic-plus-white  color  specification.  Excitation  purity  is  defined 
as  the  linear  distance  on  the  chromaticity  diagram  between  the  achro¬ 
matic  point  and  the  color  point,  divided  by  the  distance  between  the 
achromatic  point  and  the  dominant  wavelength  point.  In  terms  of 

1936trph59)latiC  COeffidentS>  the  excitati°n  Purity  is  given  by  (Hardy, 

^  _  ->’«  ~  Jw  X3  —  Xw 

~  yw  x  —  xw 
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V 


(2  -9a) 


where  xs,  y8  are  the  coordinates  of  the  sample  color,  and  xw,  yw  and 
x,  y  those  of  the  achromatic  light  and  monochromatic  light,  respec¬ 
tively.  It  is  evident  from  the  definition  that  at  the  achromatic  point  the 
excitation  purity  is  zero,  whereas  at  any  point  on  the  spectrum  locus 
it  is  1.00,  or  100  percent. 

Excitation  purity  differs  from  colorimetric  purity  in  that  the  latter 
is  defined  as  the  ratio  of  the  intensity  of  the  spectral  light  to  the  sum 
of  the  intensities  of  the  spectral  light  and  the  white  which  together 
match  the  sample  color.  Colorimetric  purity  may  be  determined 
from  the  trichromatic  coefficients  (Judd,  1933,  pp.  366-373).  A  con¬ 
venient  formula  for  calculation  is  given  by  Hardy  (1936,  p.  59). 


y  ys  -  yw  y  xs  -  xw 

pc  =  —  • - =  —  - - 

y8  y  -  yw  ys  x  -  xw 


(2  •  9  b) 


The  luminance  of  a  color  cannot  be  represented  graphically  on  the 
chromaticity  diagram;  hence  it  is  sometimes  convenient  to  supply  the 
numerical  values  or  add  a  supplementary  graph  to  show  this  factor 
when  a  whole  series  of  colors  with  varying  chromatieities  and  luminances 
is  to  be  illustrated. 


O  S  T  W  A  L  D  SYSTEM 

A  material  standards  system  developed  by  Wilhelm  Ostwald  (192  >, 
1931,  1933)  results  (at  least  partially)  in  an  illustration  of  additive  color 
principles.  The  concepts  upon  which  this  system  is  based  were  devel¬ 
oped  by  Ostwald  in  numerous  books  and  articles  between  the  years 
1916  and  1936.  He  also  put  together  several  collections  of  color 
samples.  Since  about  1925  Ostwald’s  concepts  have  been  reformulated 
in  terms  of  modern  colorimetry.  Slight  extensions  of  it  have  also  been 
made,  and  sets  of  material  standards  have  been  developed  which  more 
nearly  fit  these  principles. 

Ostwald’s  color  system  is  concerned  with  ‘  related  colors,  as  con¬ 
trasted  with  “unrelated  colors”  (Ostwald,  1931,  pp.  22-23).  Unrelated 
colors  are  those  seen  as  sources  of  illumination  with  dark  surrounds, 
such  as  the  colors  in  a  spectroscope  or  colorimeter.  In  appearance  they 
contain  only  white  light  plus  chromatic  light.  Related  colors  are  those 
of  surfaces  seen  in  an  illumination  and  in  relation  to  other  surfaces  in 
the  same  illumination.  In  addition  to  white  and  chromatic  light,  they 

appear  to  contain  black  or  gray.  , 

In  theory  Ostwald’s  color  samples  are  limited  to  hypothetical  color¬ 
ants  of  a  type  whose  spectrophotometric  curves  are  represented  in  big. 
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1-la  or  1-lb.  The  reflectance  at  any  wavelength  equals  either  w 
or  w  +  c,  as  indicated  in  these  figures.  Transitions  from  one  to  the 
other  are  made  at  wavelengths  designated  as  Ai  and  A2.  The  difference 
between  a  total  reflectance  of  100  percent  and  the  maximum  reflectance 
of  the  hypothetical  colorant  is  labeled  h.  This  means,  therefore,  that 
the  equation  w  +  c  +  b  =  1  always  holds. 


Wavelength  (mju) 

I  ig.  2-7  Reflectance  distributions  of  hypothetical  colorants  assumed  for  the  Ost- 
wald  color  samples. 


As  originally  formulated  by  Ostwald,  the  wavelengths  Ai  and  A2  are 
chosen  to  be  complementary,  except  where  one  of  the  two  has  no 
spectral  complement,  in  which  case  the  spectral  region  extends  from 
it  to  one  end  of  the  spectrum.  The  special  name  of  “semichrome” 
was  given  by  Ostwald  to  designate  colors  which  had  complete  reflect¬ 
ances  between  two  complementary  wavelengths  and  complete  absorp- 

tl0v  °!!Slde  thCSe  limits*  The  “semichrome”  plus  the  remaining  colors 
W!th  100  percent  reflectance  over  limited  spectral  regions  are  called 
u  colors.  It  is  evident  that  a  color  such  as  that  illustrated  in  Fig 
2 -7u  corresponds  to  an  additive  mixture  of  a  proportion  w  of  white 
light  (light  from  a  perfectly  reflecting  surface)  and  c  of  a  fullcolor.  The 
symbol  w  is  therefore  taken  to  represent  the  “white”  portion  of  the 
color  c  to  represent  the  “fullcolor”  portion,  and  b  to  represent  the 
ack  port, on.  The  equation  already  given  can  then  be  interpreted  as 
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stating  that  the  sum  of  the  white,  fullcolor,  and  black  contents  of  a  color 
is  always  100  percent.  The  color  illustrated  in  (h)  of  this  figure  is  evi¬ 
dently  a  complementary  color  to  that  illustrated  in  (a). 


OSTWALD  COLOR  SCALES  AND  DESIGNATIONS 


All  the  colors  consisting  of  mixtures  in  various  combinations  of  a  full- 
color  and  of  achromatic  light  have  the  same  dominant  wavelength. 


These  colors  constitute  a  family  which  were  represented  by  Ostwald  m 
an  equilateral  triangle.  Such  a  triangle  is  illustrated  in  Fig.  2-8.  the 
vertical  scale  along  one  side  of  this  triangle  represents  the  case  in  which 
c  =  0  and  is  therefore  the  range  of  colors  from  white  to  black  through 
the  various  grays.  Ostwald  found  that  a  scale  on  this  axis  corresponding 
to  equal  increments  in  reflectance  gave  colors  which  were  not  visually 
n  equal  steps  Me  therefore  employed  the  Weber-Fecl, ner  law  and 
made  this  scale  logarithmic  with  respect  to  reflectance.  The  top  of  tins 
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side  represents  the  highest  reflectance.  Equally  spaced  scale  values  below 
this  have  logarithms  whose  differences  are  constant.  On  such  a  scale 
there  can  be  no  zero  reflectance.  For  practical  purposes,  a  color  of 
about  3  or  4  percent  reflectance  may  be  taken  as  black,  and  this  value, 
therefore,  gives  the  approximate  lower  limit  of  the  scale. 

The  scale  on  the  vertical  side  of  the  triangle  applies  only  to  the 
achromatic  series.  Scales  for  all  other  colors  are  laid  out  along  the 
other  two  sides.  These  scales  also  are  logarithmic,  in  accordance  with 
the  Weber-Fechner  principle.  The  white  content,  or  w,  is  indicated 
along  the  sloping  top  side,  with  the  greatest  white  at  the  highest  vertex. 
The  smallest  white  content,  usually  taken  as  about  4  percent,  is  at  the 
lower  vertex  of  this  side.  The  scale  for  the  black  content  extends  along 
the  lower  side.  Zero  black  content  is  indicated  at  the  upper  vertex  of 
this  side.  Scale  units  proportional  to  log  (1  —  b)  extend  from  this 
vertex  along  the  side. 

In  the  idealized  representation,  as  shown  in  Fig.  2-8,  each  circle 
corresponds  to  a  particular  color  sample.  The  white  content  of  this 
sample  is  found  by  following  the  straight  line  on  the  diagonal  to  the 
upper  right,  where  the  scale  values  given  along  that  side  of  the  triangle 
may  be  read.  The  black  content  is  found  by  following  the  line  down¬ 
ward  to  the  right  to  the  scale  values  given  along  that  side.  The  pro¬ 
portion  of  the  fullcolor  c  is  found  by  adding  the  white  content  to  the 
black  content  and  subtracting  the  sum  from  1.0.  If  this  is  done  for 
various  colors,  it  can  be  shown  that  all  those  in  a  vertical  line  have  the 
same  chromaticity.  As  all  the  colors  in  the  triangle  have  the  same 
dominant  wavelength,  those  in  a  vertical  line  also  have  the  same  purity, 
differing  only  in  luminance.  Those  along  a  slanting  line  upward  from 
the  achromatic  scale  have  constant  white  content;  those  along  a  slanting 
line  downward  from  the  gray  scale  have  constant  black  content. 


Double  alphabetical  designations  such  as  aa,  ab,  •  •  • ,  pp  are  given  to 
each  color  in  the  triangle.  The  color  at  the  top  of  the  triangle,  cor¬ 
responding  to  white,  is  designated  as  aa.  All  those  parallel  to  the  upper 
side  of  the  triangle,  of  constant  black  content,  have  designations  ending 
in  the  same  letter.  Those  with  the  lowest  black  content  end  in  a,  next 
higher  in  b ,  and  so  on.  The  white  content  of  each  color  is  indicated 
by  the  first  of  the  two  letters  specifying  the  color.  Maximum  white 
content  is  indicated  by  a ,  and  lower  amounts  by  the  succeeding  letters 
o  the  alphabet.  Consequently,  the  gray  scale  is  given  from  white  to 

letters ^  •  ’  ?•  3\d  S°  °n‘  F°r  practical  Purposes  the  alternate 

rs  are  skipped  in  these  designations  and  the  letter  /  is  not  used 

Using  the  approximate  limit  of  3  or  4  percent  already  mentioned  for 
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a  black,  the  letter  p  is  as  far  down  the  alphabet  as  is  ordinarily  taken. 
On  this  basis  pa  represents  a  fullcolor. 

Actual  colorants  do  not,  of  course,  have  the  simple  spectrophoto- 
metric  curves  which  have  been  illustrated.  Consequently,  the  fullcolor 
for  each  hue  has  been  taken  as  the  most  saturated  color  of  that  hue 
which  could  be  found,  limiting  the  colors  to  those  which  had  the  other 
necessary  characteristics  of  stability  and  the  like.  For  some  hues  this 
color  is  of  greater  saturation  than  the  Ostwald  fullcolor  of  the  same 
hue;  for  other  hues  it  is  of  lower  saturation.  Once  this  color  has  been 
selected,  the  attempt  has  been  made  to  follow  Ostwald’s  recommenda¬ 
tions  to  the  extent  of  maintaining  constant  dominant  wavelength 
throughout  the  triangle  and  constant  purity  in  any  vertical  array  of 
colors.  This  can  be  done  by  means  of  a  color  top  to  secure  colors 
specified  in  terms  of  the  relative  amounts  of  white,  black,  and  full- 
color,  and  then  by  mixing  pigments  to  give  matches  to  the  colors  so 
formed. 


COLOR  HARMONY  MANUAL 

Probably  the  best  collection  of  color  chips  based  upon  the  Ostwald 
principles  are  those  developed  by  Jacobson,  Granville,  and  Foss  (1948) 
for  the  Container  Corporation  of  America.  These  chips  are  collected 
in  what  is  known  as  the  Color  Harmony  Manual.  The  third  edition 
of  the  Manual  consists  of  an  explanatory  text  and  840  color  chips 
mounted  on  30  large  cards  of  a  loose-leaf  notebook.  All  the  chips  on  a 
card  are  of  the  same  dominant  wavelength.  A  few  additional  cards 
showing  other  arrangements  of  the  chips  are  included.  The  chips  are 
made  by  applying  pigmented  films  to  a  base  of  clear  transparent  cellu¬ 
lose  acetate.  As  viewed  from  one  side,  the  chips  have  the  dull  surface 
of  the  pigment;  from  the  other  side  they  have  the  high  gloss  of  the 
cellulose  acetate.  All  the  colors  in  the  same  triangle  having  the  same 
white  content  are  referred  to  as  isotints.  Such  a  series  would  be  given, 
for  example,  by  gg,  ge,  gc,  and  gu.  All  those  with  the  same  black  con¬ 
tent  are  called  isotones.  These  are  illustrated  by  a  series  such  as  gg, 
is  lg  ng,  and  pg.  Those  forming  a  vertical  series,  such  as  g a.  i c,  le, 
■  "have  the  same  chromaticity  and  constitute  a  '‘shadow  series.  A 
those  in  the  different  triangles,  but  at  the  same  respective  positions  in 
these  triangles  (therefore  having  the  same  alphabetic  designations)  are 
members  of  what  is  called  an  isovalent  circle.  A  cl— >ty  pbMm 
cheating  the  dominant-wavelength  direction  from  neutrality  .or  twelve 
of  the  twenty-four  hue  groups  is  given  in  Fig.  2-9. 
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One  of  the  chief  claims  of  merit  of  the  Ostwald  system  is  that  it 
organizes  colors  in  harmonious  relationships.  This  characteristic  was 
pointed  out  by  Ostwald  and  has  been  expounded  more  recently  by 
Birren  (1934,  1944)  and  others  (Jacobson,  Granville,  and  Foss,  1948, 


J1®'  p'9  Chroma ticity  plots  for  twelve  hue  groups  of  the  Color  Harmony  Manual 
.nd  Ed  Dominant  wavelength  of  each  hue  group  is  indicated  by  number  (2  V 

Gra„ville,°an„dPF„tsrs,  19«!  a"d  ,aC°bS0"'  ‘944'  PP'  386_39°;  ,aC°bSOn’ 


pp.  22  35).  Colors  forming  an  isovalent,  isotint,  isotone,  or  a  shadow 
senes  all  seem  to  blend  harmoniously  with  each  other.  Each  color  in 
the  solid  is  therefore  surrounded  by  colors  with  which  it  harmonizes 
he  solid  is  not  an  equally  spaced  color  system.  The  colors  in  a  single 
orizontal plane  through  the  solid  are  not  of  the  same  luminance 
The  outside  ring  m  the  middle  horizontal  plane  consists  of  colors  of 
maximum  saturation  for  each  of  the  various  hues  TW  i  f 

flectances  are  shown  plotted  in  Fig.  2-10.  It  is  seen  that  the’gTens Ud 

75 


yellows  have  high  luminous  reflectances,  whereas  the  reds,  purples,  and 
blues  have  low  luminous  reflectances.  Part  of  the  harmony  seen  in  the 
Ostwald-type  system  is  due  to  the  fact  that  the  saturated  colors  appear 
in  the  pigment-luminance  relationships  to  which  we  are  accustomed. 


Fig.  2- 10  Luminous  reflectances  of  the  fulleolors  of  the  Color  Harmony  Manual, 
2nd  Ed.  (Granville  and  Jacobson.  1944,  pp.  386-390). 

Tables  giving  the  tristimulus  and  trichromatic  values  for  the  chips  in 
the  Color  Harmony  Manual  (2nd  Edition)  have  been  prepared  by  Gran¬ 
ville  and  Jacobson  (1944,  pp.  386-390). 

Color-Appearance  Systems 

A  color-appearance  system  is  one  in  which  the  colors  of  the  system 
are  selected  and  organized  with  respect  to  appearance.  In  such  a  sys¬ 
tem  psychological  rather  than  physical  or  psychophysical  relationships 

are  involved. 


M UNSELL  COLOR  SYSTEM 

The  most  widely  used  color-appearance  system  is  that  originated  by 
Albert  H.  Munsell,  a  painter  and  an  art  teacher.  Mansell  developed 
his  system  to  simplify  the  problem  of  color  description.  The  most 
complete  analysis  given  by  Munsell  of  his  system  is  to  be  found  in 
A  Color  Notation,  published  in  numerous  editions,  the  first  of  which 
appeared  in  1905  (see  Munsell,  1941).  A  complete  atlas  of  the  Munsell 

rd  *"Vf  “Tra  MuM  » 

tion  of  Munsell  samples  which  appeared  in  1929.  Munsell  also 
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cussed  his  system  in  numerous  lectures  and  in  a  diary,  excerpts  from 
which  have  been  published. 

From  the  available  evidence  it  appears  that  Munsell  wished  to  secure 
a  color  system  which  would  (1)  arrange  conceptual  colors  in  a  three- 
dimensional  space  according  to  their  psychological  attributes,  (2)  arrange 


these  colors  in  such  a  way  that  they  are  equally  spaced  in  all  directions, 

(3)  define  physically  reproducible  standards  for  colors  of  the  space,  and 

(4)  provide  actual  physical  samples  which,  under  specified  viewing  con¬ 
ditions,  would  reproduce  characteristic  points  within  the  space. 

1  he  present  Munsell  system  represents  a  practical  attempt  to  carry 
out  these  objectives.  Considerable  emphasis  has  been  placed  upon  the 
arranging  of  colors  according  to  their  psychological  attributes.  To  the 
ex  ent  possible,  the  colors  have  also  been  equally  spaced.  It  appears 
certain,  however,  that  the  representation  of  an  equally  spaced  color 
system  m  ordinary  three-dimensional  space  is  impossible  Furthermore 
ie  best  arrangement  by  the  psychological  attribute  criterion  is  not 
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necessarily  the  best  for  equal  spacing.  These  matters  will  be  discussed 
in  greater  detail  in  a  later  section  of  this  chapter. 

The  third  objective  of  physically  reproducible  standards  has  been  met 
by  providing  CIE  tristimulus  values  and  reflectance  values  for  sample 
colors  of  the  system.  These  standards  do  not  correspond  to  simple 


tem  (Munsell,  1929). 

colorant  or  color  combinations,  because  such  combinations  do  not  give 
series  of  colors  conforming  to  either  of  the  first  two  objectives.  ie 
fourth  objective,  the  providing  of  actual  physical  samples,  has  been 

^Colors  of  the  Munsell  system  are  arranged  geometrically  to  form  a 
solid  in  which  the  three  variables,  hue,  chroma,  and  value,  corresponc 
to  cylindrical  coordinates.  Such  a  solid  is  illustrated  m  Fig.  2- 11. 
The  vertical  axis  of  the  cylinder  corresponds  to  the  achromatic  colors 
with  black  at  the  bottom  and  white  at  the  top.  Hue  varies  with  angle 
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around  the  cylinder.  Chroma  is  proportional  to  the  radial  distance 
from  the  central  axis;  value  is  proportional  to  the  height  above  the  base 
plane.  Hue  designations  are  illustrated  in  a  plane  of  constant  value  in 
Fig.  2-12. 

There  are  five  major  hues  in  the  Munsell  system:  red,  yellow,  green, 
blue,  and  purple.  Planes  for  these  hues  are  equally  spaced  at  72°  inter¬ 
vals  around  the  color  solid.  They  are  designated  in  various  ways  as  R, 
Y,  G,  B,  and  P,  or  5R,  5Y,  5 G,  SB,  and  SB,  or  in  a  100-hue  scale  for 
the  entire  circle,  as  5,  25,  45,  65,  and  85.  Between  R  and  Y  there  is 
RYR  which  is  also  sometimes  designated  as  10R  or  10;  YR,  also  desig¬ 
nated  as  5YR  or  15;  and  YRY,  also  designated  as  10YR  or  20.  A  con¬ 
tinuance  of  the  same  spacing  all  the  way  around  the  hue  circle  gives 
20  hues.  As  shown  in  the  figure,  steps  halfway  between  successive  pairs 
of  these  20  hue  steps  give  a  total  of  40  hues,  spaced  at  9°  intervals. 

Values  in  the  Munsell  system  range  from  0,  which  is  black,  through 
the  integers  up  to  10,  which  is  white,  although  actual  samples  are  given 
only  from  1  through  9.  Chromas  start  from  0,  for  the  achromatic  colors 
of  the  central  axis,  through  the  even  integers,  as  high  as  the  particular 
colorants  extend  for  the  given  hue  and  value.  This  limit  may  be  from 
2  to  16,  or  even  higher. 

Designations  of  the  colors  are  given  in  the  order  of  hue,  value,  and 
chroma  (HV/C).  For  example,  YR  6/12  indicates  the  color  of  YR 
hue,  6  value,  and  12  chroma.  Interpolations  for  colors  intermediate 
among  those  of  whole  numbers  are  sometimes  given  in  terms  of  dec¬ 
imal  units. 


RENOTATION  OF  THE  MUNSELL  SYSTEM 

A  renotation  for  the  Munsell  color  standards  was  completed  in  1943 
by  a  subcommittee  of  the  Optical  Society  of  America.  Two  reports 
have  been  given  on  the  work  of  this  subcommittee,  the  preliminary 
report  by  its  chairman,  Sidney  M.  Newhall  (1940),  and  a  final  report 
by  Newhall,  Nickerson,  and  Judd  (1943).  The  stated  objective  of  the 
subcommittee  was  to  reduce  the  psychological  irregularities  in  the  spac¬ 
ing  of  the  samples  of  the  1929  Munsell  Book  of  Color. 

To  accomplish  this  result,  Munsell  color  samples  were  sent  to  a 
number  of  different  observers  who  were  requested  to  indicate  changes 
which  should  be  incorporated  into  the  final  system.  Some  of  the  perti- 

Tin  °J  t  ,e  pr0Ccdu7  to  be  «se  of  by  these  observers  were 
as  follows.  hirst,  a  particular  constant-value  chart  was  to  be  selected 

and  all  the  colors  except  those  of  a  single-hue  line  were  to  be  covered 

1  a  mask.  By  comparisons  among  the  samples  of  this  hue,  a  mental 
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standard  was  arrived  at.  The  positions  of  those  samples  which  were  of 
the  same  hue  as  this  standard  were  to  be  left  unaltered.  For  the  re¬ 
mainder,  indications  were  to  be  given,  by  vector  lines  drawn  on  another 
sheet  of  paper,  as  to  the  new  positions  which  the  samples  would  assume 
if  the  ideal  of  constant  hue  in  the  straight  radial  lines  were  to  be  main¬ 
tained.  In  this  process,  comparisons  of  the  samples  on  the  basis  of  hue 
alone  were  to  be  made;  differences  in  chroma,  at  this  stage,  were  not 
to  be  taken  into  account. 

The  same  procedure  for  equating  hue  was  to  be  continued  separately 
for  each  hue  line  at  the  given  value  level.  After  this  had  been  done, 
the  complete  constant-value  chart  was  to  be  exposed  to  view  at  one 
time,  and  adjustments  made  to  indicate  equal  visual  spacing  among 
the  hue  lines.  This  was  to  be  accomplished  first  by  setting  up  a  mental 
standard  for  equivalent  hue  steps  which  would  give  the  proper  number 
for  the  full  360°,  and,  then,  by  indicating  with  vector  lines  the  extent 
to  which  each  line  was  to  be  moved  angularly  from  its  given  position. 


In  this  operation  the  relative  positions  of  individual  color  samples  asso¬ 
ciated  with  any  constant-hue  line  were  to  remain  unchanged. 

A  similar  procedure  was  to  be  followed  to  secure  constant  chroma. 
In  this  case,  all  the  colors  of  a  single-chroma  designation  (at  a  given 
value  level)  were  viewed  at  one  time.  Vector  line  segments  were  to  be 
applied,  indicating  the  amounts  by  which  each  sample  should  be  moved 
in  or  out  if  constant  chroma  were  to  be  achieved.  Again,  after  this 
process  had  been  repeated  for  each  of  the  various  chroma  steps,  all  the 
chips  of  the  particular  value  were  to  be  viewed  at  one  time.  Adjustments 
were  to  be  made  to  equalize  chroma  steps,  all  the  chips  of  a  single 
chroma  being  moved  in  or  out  together.  Chroma  adjustments  were 
also  estimated  for  the  charts  of  constant  hue  and  variable  value. 

The  value  scale  was  obtained  by  adjustments  of  neutrals  or  near¬ 
neutrals  to  give  these  colors  approximately  equal  visual  spacing  Ad¬ 
justments  for  non-neutrals  were  also  attempted,  but,  in  the  final  nota¬ 
tion  value  was  made  solely  a  function  of  luminous  reflectance.  Tin 
apparently  was  partly  a  matter  of  convenience,  and  partly  because  of 
the  low  reliability  of  determinations  of  constant  value  when  hue  and 
chroma  vary.  Observers  had  difficulty  in  separating  the  variable  of 
saturTtion  from  that  of  lightness,  particularly  for  colors  of  higher  satura- 
Hon.  Untrained  observers,  espeeially,  were  apt  to  assoc, ate  mcreased 

the  subcommittee  for  the  Munsell 

colors  was  based  g  P  of  a  nPumber  of  earlier  studies  were  also 
taken^nto 'account.  The  renotation  was  given  by  Newhall,  Nickerson, 

8o 


and  Judd  (1943,  pp.  387-395)  in  plots  on  the  chromaticity  diagram, 
which  showed  lines  of  constant  hue  and  constant  chroma  for  value 
levels  from  1  through  9.  Such  a  plot  for  the  value-5  level  is  given  in 
Fig.  2-13.  The  same  report  (pp.  408-411)  includes  tables  for  convert- 
ing  the  1929  notations  to  those  of  the  renotation. 


Fig.  2- 1  ?  Chromaticity  plot  for  lines  of  constant  hue  and  constant  chroma  for  the 
value-5  level  in  the  Munsell  system  (Newhall,  Nickerson,  and  Judd,  1943,  p.  391). 


In  summary,  the  present  Munsell  system  was  designed  to  have  con¬ 
stant  hue  on  any  radial  plane,  constant  chroma  on  all  cylindrical  sur¬ 
faces  with  constant  radii  from  the  achromatic  axis,  and  constant  lumi¬ 
nous  reflectance  on  any  horizontal  plane.  Members  of  the  achromatic 
series  of  colors  were  assigned  values  in  accordance  with  equal  visual 
spacing,  and  equal  hue  and  chroma  spacing  was  sought  through  posi¬ 
tioning  of  the  constant-hue  planes  and  the  constant-chroma  cylinders. 


Color  Metrics 

In  any  system  of  color  description  two  colors  are  given  the  same 
designation  provided  that  they  visually  match  each  other.  If  they  do 
not  match  they  are  given  different  designations,  but,  generally  speaking 
the  expression  of  this  difference  cannot  be  taken  as  a  quantitative  indi- 
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cation  of  the  amount  of  difference  in  appearance.  The  problem  of 
relating  differences  in  the  system  specifications  to  visual  differences  is 
the  problem  of  establishing  a  color  metric  for  the  system.  It  is  a  fre¬ 
quently  encountered  problem  in  many  phases  of  color  work.  A  number 
of  different  terms  are  used  in  referring  to  it,  among  them  being  color 
discrimination,  color  tolerance,  and  sensibility  to  color  difference. 


MEASURES  OF  COLOR  DIFFERENCE 


Color  differences  are  commonly  measured  in  terms  of  errors  in  match¬ 
ing,  difference  limen,  or  sense  differences  (Guilford,  1936,  p.  8;  Boring, 
1939,  p.  384).  In  the  errors-in-matching  method  a  series  of  attempts 
is  made  to  match  a  given  test  color  with  a  variable  stimulus.  The 
stimulus  value  readings  so  obtained  will,  in  general,  differ  from  that 
necessary  for  a  true  match,  and  from  one  another.  Some  measure  of 
dispersion  of  the  readings  around  a  central  value  is  then  used  as  the 
measuring  unit  for  color  differences. 

If  the  variable  stimuli  are  confined  to  a  single  continuum  of  colors, 
the  dispersion  can  be  specified  by  a  single  parameter  such  as  standard 
deviation,  probable  error,  average  deviation,  or  the  like.  If  the  vari¬ 
ability  is  two-dimensional,  as  would  be  true  for  colors  of  constant  bright¬ 
ness  but  variable  chromaticity,  two  or  more  parameters  may  be  neces¬ 
sary,  depending  upon  the  assumed  or  determined  form  of  the  variation. 
In  this  case,  or  for  higher  dimensional  variation,  measures  of  dispersion 
are  obtained  which,  for  any  given  point  in  the  color  space  and  direction 


of  color  change,  specify  a  unit  of  color  difference. 

The  difference  limen  (DL)  is  commonly  defined  as  a  stimulus  differ¬ 
ence  which  statistically  is  associated  with  a  discrimination  in  response 
one-half  of  the  time  (Guilford,  1936,  p.  112).  It  is  also  sometimes  de¬ 
fined  as  an  average  just  noticeable  difference,  or  jnd  (Boring,  1939,  p. 
384).  The  jnd’ s  are  commonly  found  by  starting  with  a  match  and 
altering  one  of  the  stimuli  until  the  observer  reports  a  mismatch. 
These  values  are  sometimes  averaged  with  those  obtained  by  starting 
with  a  mismatch  and  altering  one  of  the  stimuli  toward  the  other  until 

a  match  is  first  found. 

Sense  differences  are  larger  than  the  liminal  differences.  As  app  ie 
in  color  work,  a  real  or  imagined  difference  in  stimuli  becomes  a  stand- 
ard,  and  differences  in  pairs  of  other  stimuli  are  modified  until  each  of 
these  differences  appears  equal  to  that  of  the  standard.  The  differences 
are  also  sometimes  split  into  fractional  parts.  As  geometrical  progres¬ 
sions  are  more  commonly  of  interest  than  arithmetical  progressions  m 
considering  brightness  and  other  color  variables,  the  ratio  method  (New- 
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hall,  1939;  1940,  pp.  620-622)  is  one  form  of  the  sense-difference  method 
which  has  been  suggested. 

The  errors-in-matching  method  probably  has  higher  reliability,  but 
the  sense-difference  probably  coincides  more  closely  with  the  type  of 
metric  which  is  of  most  general  interest.  It  is  sometimes  stated  that 
the  difference  limen  is  a  constant  multiple  of  the  standard  deviation 
of  the  errors  in  matching,  a  multiplying  factor  of  three  being  reported 
in  some  cases  (MacAdam,  1942b,  pp.  261-263).  Difference  limens  are 
greatly  affected  by  the  experimental  conditions,  however,  including  the 
instructions  given  the  observer  (Boring,  1939,  pp.  387-388).  The  sense- 
difference  method  is  also  low  in  reliability;  in  some  studies  it  is  reported 
that  even  trained  observers  may  change  their  judgments  by  a  factor  of 
2,  and  that  one  trained  observer  may  differ  from  another  by  a  factor  of 
3  or  4  (Judd,  1939,  p.  421).  Although  it  is  mathematically  feasible  to 
integrate  liminal  or  subliminal  differences  to  secure  measures  corre¬ 
sponding  in  size  to  those  of  sense  differences,  there  is  little  or  no  evi¬ 
dence  to  indicate  that  the  results  so  obtained  are  equivalent  to  direct 
sense-difference  measurements. 

The  problem  of  finding  a  measure  of  color  difference  is  further 
aggravated  by  the  fact  that  qualitative  differences  sometimes  exist  which 
may  not  be  comparable  to  each  other.  Can  a  difference  between  a 
red  and  a  yellow,  for  example,  be  made  equivalent  to  some  given  differ¬ 
ence  between  a  blue  and  a  green?  Can  a  difference  in  saturation  ever  be 
made  equivalent  to  a  difference  in  brightness?  Can  affective  factors 
be  overlooked;  do  sense  differences  remain  uninfluenced  by  differences 
in  emotion  which  the  colors  may  elicit?  Definite  answers  can  be  given 
to  none  of  these  questions.  It  is  hoped,  however,  that  compromises 
can  be  found  which  will  partially  rationalize  the  basis  upon  which  color 
differences  are  considered. 


brightness  discrimination 

According  to  what  is  known  as  tire  Weber-Fechner  law,  tire  minimum 
i  ifference  in  light  intensity  which  can  he  discriminated  A/  bears  a 
constant  ratio  to  the  intensity  level,  /,  at  which  it  is  measured,  or: 

A///  =  *  (210a) 

he  quantity  k  is  generally  referred  to  as  Weber’s  fraction 
Despite  the  name  commonly  applied  to  it,  Bouguer  (1760)  annears 
o  have  been  the  first  to  state  this  famous  law  for  mtensih  diserfmm  - 

09-137)  and  Arago  (1858.  Jp. 
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merits  and  found  that  motion  in  the  lighted  area  at  one  of  the  intensi¬ 
ties  would  decrease  the  value  of  k,  and  that  the  value  varied  for  differ¬ 
ent  people.  Steinheil  (1837)  independently  arrived  at  the  same  type 
of  relationship  and  obtained  a  value  for  the  ratio  of  %8. 

Weber’s  contribution  came  as  a  result  of  discrimination  tests  on 
weight  lifting  and  widths  of  lines.  In  both  cases  he  found  that  a  just 
perceptible  increase  in  the  stimulus  was  approximately  a  constant  frac¬ 
tion  of  the  total  stimulus  (Weber,  1834).  Fechner  (1858)  made  exten¬ 
sive  studies  of  brightness  discrimination  in  a  small  two-part  field,  added 
his  own  confirmation  to  the  general  discrimination  law,  and  reported  a 
value  of  k  of  Vino-  Assuming  that  a  difference  threshold  represents  a 
unit  change  in  sensation,  AS,  he  gave  the  law  as: 


(2-10£) 


AS  =  K(AI/I) 


Fechner  integrated  this  expression  to  obtain: 

S  =  K  log  /  +  C 


(2-1  Or) 


Fechner  called  this  relationship  the  psychophysical  law  and  it  was  inter¬ 
preted  by  him  as  applying  to  a  wide  variety  of  stimulus-sensation  phe¬ 
nomena. 

At  very  high  and  low  intensities  Fechner  found  that  the  law  did  not 
hold.  The  failure  was  attributed  to  the  dazzling  effects  at  high  inten¬ 
sities,  and  he  modified  the  law  slightly  in  an  attempt  to  extend  its  appli¬ 
cation  further  into  the  low  intensities.  Helmholtz  (1866)  found,  how¬ 
ever,  that  Weber’s  fraction  did  not  remain  constant  even  within  a  much 
narrower  range.  It  has  since  been  repeatedly  verified  that  Weber’s 
fraction  varies  throughout  the  scale  of  intensities,  although  the  de^ 
partures  from  constancy  are  not  great  except  near  the  extreme  ends  of 
the  scale.  The  Weber-Fechner  law  is  now  accepted  as  a  first-order 
approximation  for  brightness  discrimination,  useful  particularly  m  the 
™;aa ronCTP  nf  intensities. 


tensity  by  Lowry  (1931)  and  by  Stemhardt  (1937)  indicated  that  the 


fraction  remained  essentially  constant  at.  high  intensities.  Results  ob¬ 
tained  by  Steinhardt  for  several  different  sizes  of  field  of  view  are  given 
in  Fig  2*15.  Contrary  findings  at  the  high  end  of  the  scale  in  the 
earlier  studies  are  believed  to  have  been  due  to  insufficient  adaptation 
to  the  high-intensity  stimuli. 


Log  of  intensity  (I)  (millilamberts) 

Fig.  2-14  Konig  and  Brodhun  determination  of  the  Weber  fraction  as  given  by 
Hecht  (Hecht,  1924,  p.  241). 


Figure  2- Is  also  illustrates  the  different  effects  due  to  rod  and  cone 
vision  as  the  size  of  the  discrimination  field  is  varied.  When  vision 
is  confined  to  the  fovea,  in  less  than  a  2°  field,  a  single  smooth  curve  is 
obtained,  hor  larger  fields  and  low  intensities,  discrimination  is  con¬ 
trolled  by  rod  vision.  With  increasing  intensities  the  influence  of  the 
cones  becomes  greater  and  greater.  The  transitions  from  rod  to  cone 
vision  are  illustrated  in  the  figure  by  sharp  breaks  in  the  curves. 

Brightness-discrimination  curves  for  various  spectrum  colors  and 
large  fields  of  view  are  essentially  superimposed  at  the  higher  intensi¬ 
ties.  As  the  intensity  is  decreased  the  shape  of  the  curve  for  red  light 
becomes  similar  to  that  for  foveal  vision,  exemplifying  the  blindness  of 
the  rods  to  red  light.  The  double-function  type  of  relationship  char¬ 
acteristic  of  white  light  and  large  fields  is  evident  for  orange  and  yellow 
light,  and  very  marked  for  green  and  blue  (Hecht,  Peskin  and  Patt 
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Equation  2- 10c,  giving  brightness  sensation  as  a  function  of  light 
intensity,  was  obtained  by  Fechner  on  the  assumption  that  the  Weber 
fraction  remained  constant.  Although  this  fraction  has  been  shown 
not  to  be  constant,  if  a  particular  curve  is  accepted  as  representing  its 
true  form,  no  difficult  mathematical  problem  is  involved  in  approximat¬ 
ing  a  function  corresponding  to  that  given  by  Fechner.  It  is  doubtful, 
however,  that  such  a  process  gives  a  meaningful  result.  The  Weber 


Fig.  2-15  Weber  fraction  as  a  function  of  intensity  as  determined  by  Steinhardt 
(1936-1937,  p.  194).  Field  sizes  are  (a)  24°,  (b)  17°,  (c)  5°  36',  (d)  2°  14',  (e)  56', 
(f)  31',  (g)  23Vo'. 

fraction  is  obtained  by  adapting  the  observer  to  the  intensity  level  at 
which  the  discrimination  difference  is  determined.  If  a  wide  range  of 
intensities  is  involved,  the  viewing  conditions  arc  quite  different,  and, 
therefore,  the  functional  form  of  the  Weber  fraction  cannot  be  assumed 
to  be  the  same  in  the  two  cases.  Similar  considerations  probably  apply 
in  almost  any  situation  in  which  an  attempt  is  made  to  integrate  psy¬ 
chophysical  discrimination  data. 


\v  AVELENGTH  DISCRIMINATION 

The  sensitivity  of  the  eye  to  change  in  wavelength  for  spectrum  colors 
is  least  at  the  extreme  ends  of  the  spectrum  and  greatest  m  the :  yehow,  tn 
the  vicinity  of  570  ny  to  590  ny,  and  in  the  blue-green,  480  ny  to 
500  ny.  Curves  showing  minimum  perceptible  differences  m  wave- 
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length  for  the  spectrum  colors  as  obtained  in  four  different  investiga¬ 
tions  are  given  in  Fig.  2-16.  In  addition  to  the  two  minimal  points 
already  mentioned,  each  curve  shows  a  relative  minimum  between 
440  n v  and  450  m/x,  and,  except  for  the  curve  of  Wright  and  Pitt,  be¬ 
tween  630  m n  and  640  m^.  Laurens  and  Hamilton  (1923)  reported 
the  appearance  in  some  cases  of  a  relative  minimum  near  520  m /x. 
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Fig.  2-16  Minimum  perceptible  differences  in  wavelength  for  spectrum  colors  as 
obtained  by  (a)  Steindler,  (b)  Jones,  (c)  Laurens  and  Hamilton,  (d)  Wright  and  Pitt 
(Steindler,  1906,  Jones,  1917,  Laurens  and  Hamilton,  1923,  Wright  and  Pitt,  1934). 

Laurens  and  Hamilton  also  found  that,  over  a  wide  range,  the  size 
of  the  discrimination  step  is  practically  independent  of  intensity. 
Wright  and  Pitt  (1934)  confirmed  this  finding,  except  at  exceedingly 
low  intensities  where  the  hue  limen  increased  appreciably.  Tyndall 
(19s-))  reported  that,  for  colors  of  wavelengths  greater  than  about 
490  m fj.,  the  sensibility  to  wavelength  change  decreased  with  decreasing 
purity  of  the  stimulus.  At  the  blue  end  of  the  spectrum  the  least  per¬ 
ceptible  difference  goes  through  a  minimum  value  at  a  purity  somewhat 
less  than  that  of  the  spectrum  color. 


PURITY  DISCRIMINATION 

Purity  discrimination  is  usually  measured  in  terms  of  the  least  change 
in  colorimetric  purity  which  can  be  detected  as  a  change  in  saturation 
It  has  been  studied  most  frequently  in  the  vicinity  of  achromatic  light, 
in  which  case  it  becomes  the  minimum  perceptible  colorimetric  purity' 
A  plot  of  minimum  perceptible  colorimetric  purity  as  a  function  of 
dominant  wavelength,  obtained  by  Priest  and  Brickwedde  (1938),  is 
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shown  in  Fig.  2- 1 7.  The  white  light  was  a  close  approximation  to  day¬ 
light  and  was  kept  at  a  constant  luminance  of  about  3  or  4  mL  (retinal 
illumination  of  70  to  90  photons).  A  surrounding  field  was  kept  at  a 
luminance  of  about  0.5  mL.  As  is  evident  from  the  figure,  the  eye  is 
most  sensitive  to  increase  in  purity  in  the  blue  end  of  the  spectrum 
and  is  also  quite  sensitive  near  the  red  end.  The  maximum  point  in 
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Fig  2*17  Minimum  perceptible  colorimetric  purity  as  a  function  of  dominant  wave¬ 
length  (Priest  and  Brickwedde,  1938,  p.  680).  (d)  Least  purity  perceptible;  (b) 

mean  value  of  (ci)  and  (c);  (c)  greatest  imperceptible  purity. 

the  curve,  corresponding  to  the  least  sensitivity  to  purity  change  is  at 
approximately  570  m^.  The  location  and  sharpness  of  this  peak  has 
been  verified  by  other  investigators,  including  Wright  and  Pitt  (1  37). 

Purdy  (1930-31)  made  similar  measurements  by  determining,  tor  a 
fixed  quantity  of  white  light,  the  least  addition  of  colored  light  which 
could  be  perceived.  This  quantity,  which  he  called  the  chromatic 
threshold  is  shown  plotted  in  Fig.  2-18  for  six  different  wavelengths  as 
“oil  of  the  intensity  of  the  white  light.  For  al,  wavdcngths 
chromatic  threshold  is  seen  to  increase  with  increase  in  the  intensit 
of  the  achromatic  light.  Furthermore,  the  curves  are  cone*'  e  upwme. 

indicating  that  the  ratios  of  the  more 

of  the  white  light  also  increase.  Both  ot  these  etrect 
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Intensity  of  white  (photons) 

Fig.  2-18  Chromatic  threshold  as  a  function  of  intensity  for  six  different  domi¬ 
nant  wavelengths  (Purdy,  1930-1931,  pp.  310-311). 


aFs'Ca  “a"8e  i"  “lonmetric  purity  for  a  just  percept.ble  change  in  saturation 

(Jones  anti  Lowry'T^S,  pp  *29-32)  49°  (c)  540  aIK’  (d>  640 
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pronounced  in  the  more  centrally  located  regions  of  the  spectrum  than 
in  the  end  regions. 

Purdy  also  found  a  close  correspondence  between  the  ratio  of  the 
chromatic  threshold  to  white  light  intensity  and  the  “complementa¬ 
tion  valence”  values  as  determined  earlier  by  Sinden  (1923).  Comple¬ 
mentation  valence  is  defined  (Purdy,  1930-1931,  p.  307)  in  terms  of  the 
relative  luminance  of  pairs  of  complementary  spectrum  colors  required 
to  produce  white.  Purdy’s  analysis  indicates  that  the  chromatic  power 
of  any  color  as  measured  in  either  of  these  two  ways  in  essentially  the 
same.  It  is  also  known  that  the  saturation  appearances  of  spectrum 
colors  are  somewhat  related  to  the  minimum  perceptible  colorimetric 
purities.  Purdy  showed,  however,  that  chromatic  power  as  determined 
by  either  his  method  or  that  of  Sinden  had  only  a  rough  correlation 
with  subjective  determinations  of  saturations  of  the  spectrum  colors. 

Minimum  perceptible  differences  in  colorimetric  purity  for  colors 
other  than  those  approaching  achromatic  are  shown  in  Fig.  2-19.  In 
general,  the  purity  limens  are  seen  to  be  least  near  the  pure  spectrum 
colors  and  in  the  vicinity  of  the  achromatic  colors.  Curves  pass  through 
maximum  values  for  purities  of  about  30  to  50  percent. 


MEASURES  OF  CHROMATICITY  DIFFERENCES 

Color  differences  of  the  type  already  discussed  apply  to  the  variation 
of  a  single  factor  at  one  time.  Such  variations  correspond  to  those  of 
a  single  dimension.  As  color  space  itself  is  essentially  three-dimen¬ 
sional,  consideration  of  measures  of  general  color  difference  arc  much 
more  complicated  to  deal  with  than  are  those  involving  a  single  type 
of  variation,  but  they  are  of  greater  interest.  Before  considering  tins 
general  problem,  we  shall  first  give  brief  attention  to  variations  in 
chromaticity.  These  involve  two  dimensions  only,  variance  in  lumi¬ 
nance  not  being  taken  into  account. 

judd  (1932,  p.  77)  gave  an  empirically  developed  equation  tor  the 

number  of  discriminatory  steps,  aE,  between  colors,  which  may  be  writ¬ 
ten  as:  . .. 

A E  =  K  Ac  (2’n) 

This  equation  is  based  upon  the  OSA  trihnear  coordinates,  r  g.  and  b 
of  color  representation  (Troland,  1922,  p.  547;  Judd,  1953,  pp.  373-374). 
Ac  is  taken  as  either  the  change  in  r  or  change  in  g,  depending  upon 
which  differs  by  the  greater  amount  between  the  two  colors,  and  h  is  a 
constant,  independent  of  chromaticity  or  chromaticity  difference.  u. 
equation  is  based  upon  a  study  of  the  research  literature  dealing  with 

90 


sensibility  to  color  changes,  including  those  of  (1)  variation  in  dominant 
wavelength  with  constant  purity,  (2)  variation  in  purity  with  constant 
dominant  wavelength.  (3)  color  temperature  differences,  and  (4)  dif¬ 
ferences  between  certain  of  the  Lovibond  colors. 

Wright  (1941)  made  a  direct  investigation  of  just  perceptible  differ¬ 
ences  in  chromaticities  at  constant  brightnesses.  I  he  procedure  was 
as  follows.  Two  monochromatic  radiations,  Ai  and  A2,  were  first  selected 
by  means  of  an  appropriate  optical  system.  One  half  of  the  colorimeter 
field  was  illuminated  by  a  mixture  of  these  radiations.  The  other  half 
was  illuminated  with  an  equal  mixture  giving  physical  as  well  as  visual 
equality.  The  amount  of  one  of  the  components  on  one  side  was  then 


jx; 

He.  2-20  Just  perceptible  differences  in  chromaticity  (indicated  by  relative  lengths 
of  short  lines)  at  constant  brightness  as  determined  by  Wright  (1941,  p.  99). 


altered  until  a  visual  difference  between  the  two  halves  could  be  de¬ 
tected.  1  he  brightness  of  this  half  was  simultaneously  adjusted  to  pre¬ 
vent  any  brightness  difference.  Several  repeated  observations  in  the 
direction  of  each  of  the  two  chosen  monochromatic  radiations  were 
made  to  establish  the  length  of  the  visual  unit  along  the  line  in  these 
directions  from  the  starting  color.  By  altering  the  combination  of  the 
two  wavelengths  for  the  starting  color,  similar  measurements  could  be 
continued  along  a  line  across  the  chromaticity  chart.  Measurements 

siz^S  the  3  rf  °f  P3irS  °f  Wavelengths  were  secured,  and  the 
sizes  of  the  color  steps  are  as  indicated  in  Fig.  2*20. 
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MacAdam  (1942b)  used  a  somewhat  different  approach  in  determin¬ 
ing  steps  of  chromaticity  difference.  A  sample  color  appeared  in  one 
half  of  a  colorimeter  field.  Two  other  colors,  colinear  with  this  one 
on  the  chromaticity  diagram,  were  mixed  in  the  other  half  of  the  field 
to  give  a  visual  match.  Using  the  same  set  of  colors,  the  matching  proc¬ 
ess  was  repeated  a  number  of  times,  the  chromaticity  in  each  case  being 


Fig.  2-21  Loci  of  equal  visual  distances  in  the  vicinity  of  one  chromaticity  point 
as  determined  bv  MacAdam  (1942b,  p.  264). 


secured  from  instrumental  readings.  The  standard  error  m  linear  dis¬ 
tance  along  the  chromaticity  chart  for  these  measurements  was  taken 
as  the  unit  of  chromaticity  difference.  The  same  process  was  repeated 
for  a  number  of  pairs  of  colors  on  chromaticity  lines  passing  through  the 
chromaticity  point  of  the  sample  in  different  directions. 

Ill  an  earlier  treatment  of  the  theory  of  the  method  used  by  Mac- 
Adam,  Silberstein  (1938)  assumed  that  the  loci  of  equal  visual  distances 
around  any  chromaticity  point  could  be  written  in  a  quadratic  form 
Such  an  equation,  which  geometrically  corresponds  to  an  ellipse, 

given  bv:  . 

gn  Ax2  4-  2*j  2  A.v  Av  4-  *22  Ay2  =1  (2 -l -a) 

In  this  case  Ax  and  Ay  represent  the  differences  in  the  x  and^y  coef- 
ficients  between  the  central  color  and  a  point  on  P 

nature  of  each  ellipse  is  thus  established  by  three  parameters,  ft,,  gn. 
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and  «'">  The  surrounding  points  for  one  color  as  actually  found  by 
MacAdam  are  shown  in  Fig.  2-21.  An  ellipse  has  been  drawn  which 
passes  through  or  near  all  the  points.  That  such  an  ellipse  can  be  found 
is  experimental  confirmation  of  Silberstein  s  assumption. 

Ellipses  for  25  different  colors  scattered  over  the  chromaticity  dia¬ 
gram  were  found  by  MacAdam  (1942b,  pp.  264-271);  they  arc  shown 
in  Fig.  2-22.  Values  of  gn,  2 g12,  and  g2 2  may  be  obtained  from  these 


Ihig.  2-22  Ellipses  showing  equal  visual  differences  in  chromaticity  as  secured  by 
MacAdam.  1  he  scale  is  ten  times  that  of  the  actual  measurement  (MacAdam, 
1942b,  p.  271). 


ellipses  (MacAdam,  1943d,  pp.  19-21).  Where  the  differences  are  rela¬ 
tively  small,  the  visual  differences  between  any  two  equally  bright  colors 
are  then  given  by  AV,  where 


AF2  =  gu  Ax2  4-  2g12  Ax  Ay  4-  £22  Ay2  (2-1 2b) 

As  pointed  out  by  Wright  (1943,  pp.  634-635),  the  Wright  and  Mac¬ 
Adam  data  arc  in  essential  agreement,  and  both  indicate  that  there  is 
a  marked  lack  of  visual  difference  uniformity  in  the  standard  CIE  dia¬ 
gram.  Slight  discrepancies  in  the  tw?o  sets  of  data  occur  in  the  blue  and 
purple-blue  regions  of  the  diagram.  The  number  of  observers  in  each 
of  these  studies  was  relatively  small,  MacAdam’ s  results  being  based 
upon  a  single  individual.  It  is  likely,  therefore,  that  the  few  differences 

m  the  two  sets  of  data  are  due  primarily  to  differences  in  the  charac¬ 
teristics  of  the  observers. 
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M  E  T  R I C  FOR  COMPLETE  COLOR  DIFFERENCES 


Silberstein  and  MacAdam  (1945)  extended  the  theoretical  aspects  of 
the  method  used  by  MacAdam  to  the  more  general  case  of  measuring 
complete  color  differences.  The  problem  is  more  difficult  in  that  three 
dimensions  rather  than  two  are  involved. 

Experimental  work  determining  visual  sensitivities  to  combined  chro- 
maticity  and  luminance  differences  has  been  done  by  Brown  and  Mac¬ 
Adam  (1949).  The  unit  of  visual  distance  was  the  same  as  that  used 
in  the  earlier  investigation  in  studying  chromaticity  differences:  the 
standard  deviation  in  color  matching.  The  experimental  procedure 
was  much  the  same  except  that  three  colors  instead  of  two  were  mixed 
to  secure  the  match  and  the  matches  were  "free.’’  By  free  is  meant 
that  the  loci  of  color  mixtures  was  not  confined  to  a  single  line  or  plane, 
but  rather  there  was  complete  freedom  of  movement  in  the  vicinity  of 
the  color  to  be  matched.  For  each  such  color  a  number  of  matches 
was  made.  It  was  assumed  that  the  loci  of  the  standard  error  points  in 
various  directions  around  the  color  being  matched  would  give  an  ellip¬ 
soid.  From  the  measured  data  of  the  errors  the  shape  and  orientation 
of  this  ellipsoid  could  be  determined. 

The  equation  for  such  an  ellipsoid  in  terms  of  the  CIE  tristimulus 
values  would  be  given  by  aV  =  1  where 


AF2  =  Gn  AX2  +  2Gi2  AX  AT  4-  G22  AF  “ 

4-  2G13  AJY  A Z  4-  2G23  Al  A Z  +  G33  A Z~  (2- 13 a) 


In  these  units,  however,  the  sizes  of  the  ellipsoids  depend  so  greatly 
upon  the  intensity  level  that  other  differences  are  obscured.  More  con¬ 
venient  units  are,  therefore,  the  trichromatic  coefficients  x  and  y  and  a 
quantity,  /,  defined  as  l  =  0.2  log  Y.  In  terms  of  these  variables,  the 
equation  of  the  ellipsoid  is  given  by  AV  =  1  where 


AV2  =  gn  A.v2  4-  2^12  A.v  Ay  4-  £22  A)'2 

4-  2^i3  A.v  A/  +  2^3  A  v  A/  +  gw  A/2  (2  •  1 3 b) 

Values  for  both  the  G„  and  the  gy  for  39  different  colors  were  tabulated 
(Brown  and  MacAdam,  1949,  pp.  822-825),  and  a  model  was  prepared 
showing  the  shapes  of  tire  ellipsoids  in  terms  of  Ax,  Av,  and  A/  for  most 

of  these  same  colors  (ibid.,  p.  831).  .  ,  , 

The  data  collected  by  Brown  and  MacAdam  deal  with  color  differ¬ 
ences  for  a  number  of  colors  scattered  throughout  color  space.  I  he 
range  of  luminances  for  any  given  chromaticity  is,  in  most  cases,  s  ^ 
They  found,  in  general,  that  a  decrease  in  luminance  tends  to  incrca. 
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the  size  of  the  ellipsoid  without  changing  its  relative  shape.  This  rela¬ 
tionship  was  not  investigated  for  more  than  a  few  chromaticih  points, 
however,  and  no  suitable  conversion  factors  were  derived  for  estimating 
the  amounts  of  the  changes. 


representation  of  color  differences 


Simple  geometrical  arrangements  for  representing  color  differences  in 
the  vicinity  of  particular  points  of  color  space  have  been  suggested  by 
Carl  Foss  (1948).  In  addition  to  the  polar  and  cylindrical  coordinate 
arrangement  employed  in  such  systems  as  the  Munsell  and  the  Ostwald, 
Foss  (ibid.,  p.  55)  suggested  three  possibilities:  “(1)  rectangular  coordi¬ 
nates  in  three  mutually  perpendicular  planes,  (2)  three  rectangular-  and 
one  triangular-coordinate  planes,  and  (3)  triangular  coordinates  in  four 
planes.” 

The  three  arrangements  may  be  illustrated  by  groups  of  small  spheres, 
all  of  the  same  diameter,  placed  in  contact  with  one  another.  The 
diameters  correspond  to  the  unit  of  measure  for  color  differences.  The 
centers  of  two  spheres  in  surface  contact  with  each  other,  therefore,  cor¬ 
respond  to  colors  which  are  one  visual  unit  of  distance  apart.  The  basic 
structural  unit  of  the  first  possibility  mentioned  above  consists  of  eight 
spheres  placed  in  contact  so  that  their  centers  form  a  cube.  The  centers 
of  each  sphere  of  this  cube  would  be  one  unit  of  distance  from  three 
other  spheres.  If  the  same  arrangement  is  extended  so  that  one  sphere 
is  completely  surrounded,  there  would  be  six  spheres  in  contact  with  it. 


Spheres  with  their  centers  at  the  corners  of  a  prism  illustrate  the 
second  possibility.  Three  squares  would  form  the  sides  of  this  prism, 
and  two  equilateral  triangles  the  ends.  The  same  arrangement  if  ex¬ 
tended  would  place  each  sphere  in  contact  with  eight  others.  The  final 
arrangement  corresponds  to  close  packing  in  cubical  lattice  structure. 
1  he  structural  unit  consists  of  four  spheres  with  their  centers  forming 
an  equilateral  triangular  pyramid.  Each  of  the  four  spheres  is  in  com 
tact  with  each  of  the  other  three,  and  therefore  each  is  at  a  unit  distance 
rom  each  of  the  others.  Extension  of  the  same  arrangement  places 
each  sphere  in  immediate  contact  with  twelve  others. 

As  representations  of  color  differences,  the  spheres  in  these  various 
arrangements  would  themselves  be  of  colors,  differing  according  to  their 
geometrical  positions  with  respect  to  each  other;  or  the  spheres  would 
)e  replaced  by  color  samples  in  the  same  relative  positions.  Such  a  rep- 

Not'aN  IT  C0“ W  ^  made  at  d‘SCrCte  p0ints  throughout  color  space, 
ot  all  the  representations  at  these  points  could  be  extended  until  thev 

)omed  one  another,  because  the  metrical  properties  of  color  space  do  not 
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conform  to  those  of  ordinary  geometrical  space.  Each  tiny  region  would 
require  separate  investigation  and  separate  representation.  Adequate 
metrical  description  of  the  metrical  properties  of  color  space  could  be 
obtained,  however,  by  the  proper  selection  of  a  sufficiently  large  number 
of  color  points  to  serve  as  the  centers  for  the  representations.  In  the 
third  type  of  representation,  for  example,  each  of  the  chosen  points 
would  be  surrounded  by  a  constellation  of  twelve  colors,  each  of  these 
colors  being  at  the  same  visual  distance  from  the  central  point.  The 
completion  of  the  space  would,  of  course,  involve  smoothed  approxima¬ 
tions  to  take  care  of  its  non-Euclidean  nature. 


EFFECTS  OF  ADAPTATION  ON  COLOR-DIFFERENCE 
MEASUREMENTS 

Adaptive  stimulation  of  the  eye  has  at  least  slight  effects  on  prac- 
ticallv  all  color-difference  measurements.  If  the  intensity  of  the  adapt- 
ing  light  is  exceedingly  high,  the  sensitivity  of  the  eye  to  change  is  re¬ 
duced.  Likewise,  high-intensity  light  of  one  particular  color,  such  as 
red,  green,  or  blue,  is  apt  to  decrease  the  discriminating  power  for  this 
color.  Unless  the  adapting  lights  are  of  very  great  intensity,  however, 
the  effects  are  not  so  pronounced  and,  in  fact,  may  be  entirely  absent. 

Wright  (1935)  studied  the  effect  of  eye  adaptation  on  intensity  dis¬ 
crimination.  Adaptation  was  accomplished  by  looking  at  a  colorimeter 
field  of  5°  for  3  min,  after  which  a  2°  test  field  was  briefly  examined. 
Just  noticeable  differences  in  intensity  for  yellow,  green,  red,  and  blue 
lights  were  determined  with  white  (color  temperature  about  2,500  K) 
as  the  adapting  light.  Over  a  wide  range  of  intensities  for  the  adapting 
light,  up  to  an  intensity  of  about  one  thousand  times  that  of  the  test 
stimulus,  the  discrimination  threshold  was  not  markedly  change  . 
Wright  (1936)  also  studied  the  adaptation  effects  on  hue  discrimination. 
Using  white  light  for  adaptation,  he  found  that  for  a  yellow  test  color 
the  discrimination  was  better  for  an  adaptation  intensity  equal  to  or 
slightly  greater  than  that  of  the  test  stimulus  than  it  was  for  either  dark- 
field  viewing  or  for  any  other  intensity  of  the  adapting  stimulus.  Dis¬ 
crimination  for  green  and  blue  light  with  a  white  surround  was  always 

worse  than  could  be  achieved  in  a  dark  field. 

Hamilton  and  Laurens  (1923)  found  that  adaptation  to  red  light 
rendered  almost  nonexistent  the  ability  to  discriminate  hue  for  all  except 
the  blue  end  of  the  spectrum.  The  ability  to  discriminate  was  also  re¬ 
duced  bv  adaptation  to  blue  and  green  light,  but  not  to  the  same :  ext  . 

The  shape  of  the  hue-discrimination  curves  changed  only  slightly 
adaptation  to  orange-red,  yellow,  blue-green,  and  white  light. 
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COLOR  SPACING  IN  THE  M UNSELL  SYSTEM 

Colors  in  the  Munsell  system  were  arranged  to  accomplish  a  twofold 
purpose.  First,  the  colors  were  to  be  placed  in  accordance  with  their 
psychological  attributes,  and,  second,  they  were  to  be  spaced  equa  ly 
with  respect  to  their  differences  in  appearance.  The  renotation  of  the 
Munsell  system  was  undertaken  because  it  was  believed  that  the  arrange¬ 
ment  of  color  chips  in  the  1929  Munsell  Manual  did  not  fully  meet 
these  objectives.  Slight  modifications  in  the  specifications  and  conse¬ 
quent  relative  geometrical  positions  of  these  chips  were  therefore  made. 

The  assumption  that  the  colors  of  the  Munsell  system  are  equally 
spaced  is  not  tenable,  even  in  the  renotation  (see  p.  79);  but  a  more 
positive  determination  of  its  true  metrical  properties  is  not  easily  made. 
An  analysis  is  possible  only  through  comparisons  with  some  other  color- 
difference  measure.  Although  serious,  and  probably  valid,  objections 
might  be  raised  to  any  choice  of  a  comparison  basis,  one  possibility  is 
the  chromaticity-difference  metric  obtained  by  MacAdam  (1942b).  One 
investigation  concerned  directly  with  the  Munsell  system  has  been  re¬ 
ported  by  Bellamy  and  Newhall  (1942),  but  they  limited  themselves  to 
a  relatively  small  number  of  selected  regions  of  color  space. 

Figure  2-23  gives  the  average  number  of  (MacAdam)  chromaticity- 
difference  steps  for  constant  differences  in  chroma,  plotted  as  a  function 
of  hue,  for  the  Munsell  colors  of  value  5.  The  number  of  steps  was 
determined,  using  equation  2- 12b  and  data  for  gu,  2gi2,  and  g2 2  (see 
p.  93).  Values  of  Ax  and  Ay  were  obtained  from  the  final  report  of  the 
renotation  of  the  Munsell  system  (Newhall,  Nickerson,  and  Judd,  1943). 
Average  differences  for  the  two-chroma  step  intervals  given  in  these 
tables  were  taken  in  both  directions  for  chroma  steps  for  all  the  hues 
listed.  Complete  data  for  all  hues  were  available  only  for  chromas  2 
through  10.  The  average  number  of  steps  between  successive  chromas 
for  these  intervals  is  shown  in  curve  (a)  of  the  figure.  This  number  is 
seen  to  vary  from  about  10,  in  the  blue-purple,  to  about  25  in  the  blue. 
A  relative  minimum  in  the  number  of  visual  steps  is  also  seen  to  exist 
in  the  green-yellow  region,  with  fairly  large  numbers  of  steps  in  the  red 
and  red-purple. 

Chroma-difference  measures  for  a  larger  number  of  chroma  steps  were 
available  for  the  green  and  purple  regions  of  the  Munsell  color  solid. 
These  are  shown  plotted  as  (b)  and  (c)  in  the  figure.  Although  these 
curve  segments  are  displaced  from  the  main  curve,  they  are  roughly 
parallel  with  it,  thus  indicating  somewhat  the  same  variations  in  chroma 
differences  as  a  function  of  hue.  The  five  points  marked  on  the  figure 
arc  based  upon  data  taken  from  the  Bellamy  and  Newhall  (1942)  study. 
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They  are  the  reciprocals  of  the  difference  limen  in  chroma,  multiplied 
by  a  factor  to  bring  them  on  the  same  approximate  scale  as  the  other 
data.  Results  were  available  for  only  five  hues,  and,  on  the  value- 5  level, 
complete  data  for  only  the  2  and  6  chromas.  The  color  differences  as 
indicated  by  the  Bellamy  and  Newhall  data  do  not  agree  in  full  detail 
with  those  obtained  with  the  MacAdam  chromaticity  differences,  but  the 
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Fig.  2-23  Munsell  chroma  differences  as  a  function  of  hue  (value  5),  using  the 
MacAdam  visual  difference  formula;  (a)  all  hues  for  chromas  2  through  10,  (b)  greens 
for  chromas  2  through  26,  (c)  purples  for  chromas  2  through  24.  Points  shown  are 
the  chroma  differences,  multiplied  by  a  factor  of  3,  as  determined  by  Bellamy  and 
Newhall  for  value  5  and  chromas  2  and  6. 

trend  is  similar.  Both  show  that  the  average  number  of  visual  steps  be¬ 
tween  successive  chromas  of  one  hue  may  differ  by  as  much  as  a  factor 

of  2  to  1  from  that  of  another  hue. 

Chroma-difference  measures  similarly  obtained  are  shown  as  a  func- 
tion  of  chroma  in  Fig.  2-24.  Data  for  all  Imcs  are  given  for  the  chroma 
steps  from  2  to  10,  for  four  green  lines  from  2  to  26,  and  for  four  purple 
lines  from  2  to  24.  Points  are  plotted  from  the  Bellamy  and  Newhall 
study  for  chromas  2  and  6.  In  all  cases  the  number  of  visual  steps  be¬ 
tween  successive  chromas  decreases  markedly  with  increasing  chroma. 

Similar  determinations  of  the  number  of  MacAdam  visual  steps  be¬ 
tween  different  lines  of  the  same  chroma  show  then,  to  be  almost  ex- 
aetlv  proportional  to  chroma.  Deviations  from  proportionality,  m  tact, 
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Chroma 

Fig.  2-24  Chroma  differences  as  a  function  of  chroma  as  determined  by  the  Mac- 
Adam  formula:  (a)  for  all  hues  from  chromas  2  through  10,  ( b )  for  the  greens  for 
chromas  2  through  26,  (c)  for  the  purples  for  chromas  2  through  24.  The  two  points 
shown  are  the  corresponding  differences  as  found  by  Bellamy  and  Ncwhall. 


by  the  ~Mn(  v  ,  differences  divided  by  chroma  as  a  function  of  hue  as  determined 
by  the  MacAdam  formula:  (a)  all  hues  for  chromas  2  through  12  (b)  ereen  for 
c  aromas  _  through  16,  (c)  purples  for  chromas  2  through  7?  points  i  , 

corresponding  data  as  obtained  by  Bellamy  and  Newhall.  C 
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were  found  to  be  nonsignificant.  In  analyzing  line  differences  as  a  func¬ 
tion  of  hue,  the  differences  were  therefore  divided  by  the  chroma.  The 
results  are  shown  in  Fig.  2-25.  Curve  (d)  gives  all  the  data  for  chroma 
2  through  chroma  12.  The  shorter  curves  for  the  green  and  purple  are 
for  greater  ranges  of  chroma.  Differences  in  the  number  of  hue  steps 
appear  to  be  greatest  in  the  green-yellow  and  the  purple-blue  regions, 
and  least  in  the  blue-green,  blue,  and  red-purple.  The  regions  of  max¬ 
ima  and  minima  are  almost  exactly  the  converse  of  those  for  the  chroma 
differences.  Points  taken  from  the  Bellamy-Newhall  data  show  fair 
agreement  with  the  curves  based  upon  MacAdam  chromaticity-differ- 
ence  measures. 

Data  pertaining  to  value-difference  measures  or  for  other  regions  of 
the  Munsell  system  are  not  included,  but  the  type  of  relationships  which 
would  be  found  probably  would  be  similar  to  those  illustrated.  Too 
much  credence  cannot  be  given  to  the  specific  curves  because  of  dif¬ 
ferences  in  experimental  conditions  under  which  the  sets  of  data  have 
been  collected.  Also,  the  visual  differences  dealt  with  are  fairly  large 
and  are  not  measurable  with  high  accuracy  in  terms  of  the  small  units. 

Nickerson  (1947,  p.  488)  has  listed  several  equations  which  have  been 
suggested  for  combining  changes  in  hue,  saturation,  and  lightness  as 
given  by  the  Munsell  notation  to  secure  a  total  color  difference.  By 
denoting  the  number  of  steps  in  color  difference  by  AS,  one  of  these 
equations  can  be  written  in  the  form  of: 

AS  =  f  (C  AH)  +  6AV+3  AC  (2-14) 

As  first-order  approximations  such  equations  probably  serve  useful  pur¬ 
poses.  For  the  reasons  already  given,  they  probably  do  not  give  high 

precision. 


UNIFORM  CIIROMATICITY  CHARTS 

Uniform  chromaticity  charts  are  designed  to  give  chromaticity  plots 
in  which  for  colors  of  the  same  brightness,  equal  distance  separations 
denote  equal  visual  differences.  The  trichromatic  coefficients  for  such 
charts  are  usually  obtained  from  tristimulus  values  which,  m  turn,  arc 
derived  from  linear,  homogeneous  transformations  of  tnstimulus  values 
for  the  CIE  standard  observer.  Using  R,  G,  and  B  to  represent  he  new 
tristimulus  values  and  X,  Y,  and  Z  for  those  of  the  CIE  standard  ob- 
server,  the  equations  can  be  written  as: 

R  =  An X  4-  ^i2D  4- 
G  =  A2\X  +  A^Y  +  ^2sZ 
B  =  A3iX  +  ^32^  4"  ^33 2 

lOO 


(2-15«) 


The  trichromatic  coefficients,  r,  g,  and  b,  are  defined  in  the  usual  fash¬ 
ion  as: 

r  =  R/(R  +  G"  +  B) 

g  =  G/(R  +  G+B )  (2-15J) 

b  =  B/(R  +  G+  B) 

They  can  also  be  expressed  in  terms  of  the  CIE  trichromatic  coefficients, 
x  and  y,  as: 
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If  r  and  g  are  plotted  as  Cartesian  coordinates,  corresponding  to  a 
right-triangle  chromaticity  representation,  then  the  visual  distance,  As, 
between  any  two  colors  (of  equal  brightness)  can  be  expressed  in  terms 
of  their  chromaticity  differences,  Ar  and  Ag,  as: 


A.r  =  Ar2  +  Ag2  (2 -16a) 

If,  instead,  an  equilateral  or  Maxwell  triangle  is  used,  the  distance,  say 
As,  is  given  in  terms  of  the  coordinate  differences,  A f,  Ag',  and  Ah',  as* 


AT~  -  |  (Ar'2  +  Ag'2  +  A b'2)  (2-16^) 

As  Ar'  +  Ag'  +  A b'  =  0,  any  one  of  the  three  coefficient  differences  can 
be  eliminated  from  the  equation. 

Equations  either  in  the  form  of  2  •  1 5<r  or  2  •  1 5c  can  be  used  to  express 
the  trausfomratjon.  Actually,  neither  for,,,  is  unique.  For  example,  if 
a  I  the  A  s  or  a  s  m  either  set  are  multiplied  by  a  single  constant,  the 

o  ir,ers,athe  y  1  ( (r  0rmani0n  i$  "0t  ellanged-  For  this  reason,  and 
others,  the  visual-difference  characteristics  of  chromaticity  charts  are  not 

equlhons  *  ly  fr°nl  a“  exammation  the  transformation 
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One  of  the  earliest  uniform  chromaticity  charts  to  be  suggested  was 
Judd’s  “uniform  chromaticity  scale,”  commonly  known  as  the  UCS 
(Judd,  1935).  Judd  used  an  equilateral  triangle  which  is  illustrated  in 


G 


Fig.  2-26.  The  transformation  equations  are  (Judd,  1935,  p.  25): 


R  =  3A9S6X  +  2.4478T  -  0.1434Z 
G  =  -2.5455  A"  +  7.0492T  +  0.9963Z  (2-17  a) 

B  =  0.0000 X  +  0.0000 Y  +  1  .OOOOZ 


If  a  right  triangle  rather  than  an  equilateral  triangle  is  used  for  the  pit¬ 
ting,  a  transformation  resulting  in  the  same  spacing  is  given  by: 


R  =  0.6784Ar  +  0.8814Y  -  0.0295Z 

G  =  -0.4935X  4-  1.8207Y  +  0.2031  Z  (2-l/£) 

B  =  —0.0224 A"  -  0.3278 Y  4*  0.2896Z 


liquation  2-11  (p.  90)  gives  an  equation  suggested  by  Judd  fo :  exp 
i„g  visual  distances  in  terms  of  chromaticity  coefficient  diftcrcnc 
The  UCS  was  developed  as  an  alternative  means  of  expressing  essen- 
t  lv  the  same  results  The  sensibility  data  which  he  made  use  of  m 
arriving  at  both  these  sets  of  relationships  have  already  been  referee 

to  (see  pp.  90-91). 


102 


MacAdam  (1937)  suggested  a  uniform  chromaticity  chart  with  tri- 
stimulus  values  defined  as: 

u  =  ix 

V=Y  (2-18) 

W  =  -±X+3.2Y  +  iZ 

MacAdam  derived  these  equations  to  approximate  the  results  obtained 
by  Judd  by  means  of  a  simpler  and  more  convenient  transformation. 

Breckenridge  and  Schaub  (1939)  also  suggested  a  transformation  de¬ 
signed  to  simplify  rather  than  improve  that  given  by  Judd.  The  trans¬ 
formation  equations  are: 


X'  =  ().()( KKKbY  +  0.00000  Y  +  0.82303Z 

Yf  =  —2.3280437  +  6.44609  Y  +  1.36896Z  (2-19) 

Z'  =  2.9682737  +  2.24750  T  -  0.5517 6Z 


Because  a  rectangular  or  right-triangle  plot  was  suggested  to  go  with 
this  transformation,  the  Breckenridge  and  Schaub  system  is  sometimes 
called  the  rectangular  uniform  chromaticity  scale,  or  RUCS.  Brecken¬ 
ridge  and  Schaub  also  suggested  a  shift  in  origin  for  plotting  the  colors, 
but  this  does  not  affect  the  spacing. 

Another  system  based  largely  upon  the  Judd  data  was  that  of  Scofield, 
Judd,  and  Hunter  (1941).  The  transformation  equations  were  given 
in  the  form  of: 

2.4266#  -  1.3631 y  -  0.3214 


a  = 


0  = 


1.0000#  +  2.2633y  +  1.1054 
0.5710#  +  1.2447. y  -  0.5708 


(2-20) 


1.0000#  +  2.2633 y  +  1.1054 

Another  transformation  was  designed  by  Farnsworth  in  1944  for  the 
Medical  Research  Laboratory  of  the  U.  S.  Submarine  Base.  It  was  ob¬ 
tained  as  the  projective  transformation  of  the  CIE  chromaticity  dia- 
gran,  which  grves  the  most  nearly  equal  sparing  for  hues  at  chroma  10, 
ralue  5  of  the  Munsell  system.  No  transformation  equations  have  been 
given  but  the  procedure  made  use  of  by  Farnsworth  has  been  described 

**  F'!"” 2  25  “ 1  "-***- 2SZ 

Comparisons  among  the  various  uniform  chromaticity  diagrams  can 

'T  Pa^Vm  T1'5  0?'?  C,E  chromatil%  plots  shown 

(u)  illustrates  the  Judd  transformation.  The  quadrilaterals 
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formed  by  the  intersecting  lines  on  this  plot  would  be  squares  of  equal 
area  on  the  Judd  UCS  diagram.  It  is  evident  that  the  Judd  transfor¬ 
mation  gives  a  somewhat  greater  relative  spreading  of  colors  in  the  blue 
and  red  chromaticity  regions,  and  somewhat  less  in  the  greens. 


8  0  ooooooo 

o  ooooooo 

o--'  cvjo^mor^oo 

oo  ooo  oooo 


Part  (b)  illustrates  the  MacAdam  transformation.  The  number  of 
quadrilaterals  within  the  spectrum  locus  shown  here,  and  in  the  ot  lcr 
diagrams  of  the  figure,  is  approximately  the  same  as  for  Part  (a),  so  tia 
the  relative  sizes  as  well  as  the  orientations  of  the  quadrilaterals  are  di¬ 
rectly  comparable.  The  two  types  of  transformations  appear  to  give 
about  the  same  results  in  the  blues,  with  slightly  different  color  spacings 
in  the  reds  and  greens.  The  Breckenridge  and  Schaub  transformation 

in  Part  (c)  gives  results  very  similar  to  that  of  MacAdam. 

Part  d  ,  the  Scofield,  Judd,  and  Hunter  transformation  gives  a ^some- 

what  different  arrangement  from  any  of  the  preceding 

ing  is  much  closer  near  tire  red  corner  of  the  diagram,  and  the  quadri 
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laterals  in  the  blue  region  are  somewhat  elongated,  rather  than  approxi¬ 
mately  square.  Wide  spacing  in  the  greens  is  also  characteristic  of  this 
transformation. 

Farnsworth’s  projective  diagram  in  Part  (e)  shows  less  variation  in 
sizes  of  the  quadrilaterals  than  does  any  other  of  the  transformations. 
This  means  that  the  spacing  is  more  nearly  like  that  of  the  CIE  system 
than  is  any  of  the  others,  but  not  that  it  gives  a  closer  approximation  to 
equal  visual  spacing.  The  general  pattern  of  relative  sizes  conforms  to 
that  of  the  Judd,  the  Breckenridge  and  Schaub,  and  the  MacAdam  dia¬ 
grams,  but  the  extremes  are  not  so  great. 


COLOR  METRICS:  SUM  M  ARY 


The  basic  question  involved  in  obtaining  a  color  metric  concerns  the 
type  of  metric  sought,  including  the  viewing  conditions  under  which 
it  is  to  be  established.  It  may  be  a  measure  based  either  on  errors  in 
color  matching,  difference  limens,  or  sense  differences.  It  may  be  de¬ 
termined  with  a  dark  field  surround,  a  uniformly  lighted  field  surround, 
or  under  any  of  a  variety  of  other  adaptation  conditions.  As  the  influ¬ 
ences  due  to  various  combinations  of  these  possibilities  are  only  par¬ 
tially  known,  it  is  best  to  choose  those  which  most  nearly  conform  to 
the  situation  in  which  the  metric  is  to  be  applied.  Until  more  is 
known  about  color  differences  and  the  factors  which  affect  them,  an 
absolute  color  metric  cannot  be  established.  Instead,  there  will  be  vari¬ 
ous  color  metrics,  each  defined  by  the  techniques  and  experimental  con¬ 
ditions  under  which  it  is  determined. 

Although  there  are  vaiietics  of  possible  choices  in  types  of  color 
metrics,  there  are  certain  principles  which  must  apply  to  all  of  them. 
One  is  that  any  color  metric  must  be  established  experimentally.  The 
metrical  properties  of  a  color-specification  system  cannot  be  determined 
by  deduction;  they  must  be  ascertained  inductively.  A  closely  related 
principle  is  that  the  metrical  properties  of  any  color-specification  svstem 
must  be  established  independently  for  localized  vicinities  of  the  system. 

gam,  no  process  of  deduction  makes  it  possible  to  ascertain  what  these 

properties  will  be  in  a  region  well  separated  from  those  in  which  meas¬ 
urements  are  taken. 


As  a  corollary  to  these  principles,  it  follows  that  a  geometrical  repre- 
entahon  of  colors  which  purports  to  represent  equal  color  spacing  1 
someMnng  which  must  be  constructed  from  the  color-difference  data 
Ins  order  cannot  be  reversed;  a  form  of  geometrical  representation  can¬ 
not  be  selected  and  then  have  equal  spacing  impressed  udou  it  If 
such  geometrical  form  has  been  arbitrarily  Lfi  S  on  Z 
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basis  of  other  criteria,  there  can  be  no  assurance  that  it  will  be  adequate 
for  an  equal-spacing  representation.  It  may  be  useful  for  other  pur¬ 
poses,  and,  where  low  precision  in  color-difference  measurements  is  ade¬ 
quate,  it  may  be  used  as  a  rough  representation  of  color  spacing. 

General  principles  similar  to  those  just  enunciated  have  been  dis¬ 
cussed  in  detail  in  a  series  of  articles  by  Silberstein  and  by  MacAdam 
(Silberstein,  1938,  1942,  1943,  1946d,  1946b;  MacAdam,  1942cz,  1943d, 
1943b,  1944;  Silberstein  and  MacAdam,  1945).  More  detailed  consid¬ 
eration  of  these  aspects  of  the  problem  of  obtaining  a  color  measure  is 
outside  the  scope  of  the  present  book.  It  should  be  emphasized,  how¬ 
ever,  that  these  principles  apply  to  any  type  of  color  metric.  They  may 
be  considered  essentially  independent  of  the  particular  kind  of  metric 
dealt  with,  how  it  is  measured,  and  the  adaptation  conditions  under 
which  the  measurements  are  obtained. 
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Responses  to  Right 
in  Complex  Fields 

CHAPTER  III 


SEEING  is  a  process  in  which  physical  stimuli  react  with  physiologi¬ 
cal  organs  to  produce  mental  responses.  Any  seeing  situation,  there¬ 
fore,  has  physical,  physiological,  and  psychological  aspects.  Attention 
has  been  centered  in  the  first  two  chapters  of  this  book  upon  the  prop¬ 
erties  of  matching  or  nearly  matching  pairs  of  colors  as  seen  against 
relatively  simple  backgrounds.  Under  such  circumstances,  anv  differ¬ 
ences  seen  in  the  pairs  of  colors  are  usually  those  which  can  be  associ¬ 
ated  with  particular  amounts  and  distributions  of  radiant  energy  reach¬ 
ing  the  eye.  Often  one-to-one  correspondences  can  then  be  found 
which  describe  with  high  precision  the  relationships  between  physical 
stimuli  and  visual  impressions. 

\  ision  normally  takes  place  in  much  more  complicated  viewing  situ¬ 
ations.  Physical  stimuli  from  a  number  of  different  objects  reach  the 
eve  at  the  same  time.  It  is  true  that  distinct  visual  impressions  are  ob¬ 
tained  only  in  the  tiny  foveal  region  of  the  retina  so  that  good  vision 
at  any  instant  is  limited  to  a  small  portion  of  the  total  scene.  Compre- 
hension  of  the  whole  scene  results  from  the  rapid,  largely  unconscious, 
scanning  movements  of  the  eye.  As  such  action  tends  to  break  up 
any  complex  viewing  situation  into  its  simpler  elements,  it  might  seem 
iat  the  stimulus-response  relationships  found  in  simple  fields  would 
apply  to  a  complex  field,  but  this  is  not  true.  The  discrepancies  are  due 

Hon ^  1°  PKC?iSeS  tak"’g  P'aCe  the  retina  of  the  eye  called  adapta- 
on,  whereby  the  appearance  of  any  element  in  a  scene  is  affected  by 

those  elements  previously  centered  upon,  and  by  the  surrounding  ele- 
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mcnts  even  though  these  elements  are  indistinctly  seen.  They  arc  also 
due  in  part  to  the  tendency  of  the  observer  to  fit  the  light  stimuli  lie 
receives  into  some  sort  of  “sense”  impression  of  reality.  Visual  proc¬ 
esses  result  in  perceptions  of  patterns  of  object  relationships  that  have 
meaning,  being  more  than  merely  a  visual  map  of  groups  of  colored 
areas. 

Such  considerations  indicate  that  many  conclusions  drawn  concern¬ 
ing  visual  relationships  in  simple  fields  are  not  directly  applicable  in 
complex  fields.  However,  the  basic  principle  of  simple-field  color 
matching  continues  to  hold  under  any  conditions  of  viewing.  Specifi¬ 
cally,  the  substitution  of  a  metamcr  for  its  matching  color  in  a  complex 
scene  will  not  alter  the  appearance  of  the  scene.  On  the  other  hand, 
two  metamers  (or  even  stimuli  which  are  exact  physical  matches)  may 
not  look  the  same  in  two  different  scenes  or  in  two  different  parts  of  the 
same  scene. 


GEOMETRICAL  ILLUSIONS 

Geometrical  illusions  provide  excellent  examples  of  how  the  appear¬ 
ances  of  objects  depend  upon  more  than  their  physical  characteristics. 
In  Fig.  3-1  are  shown  three  pairs  of  parallel  lines,  the  lines  in  each  pair 


Fig.  3-1  Pairs  of  lines  whose  comparative  lengths  can  be  judged  with  precision. 

being  slightly  displaced  from  each  other.  Although  the  differences  in 
the  lengths  of  the  lines  are  not  great,  most  observers  would  have  little 
difficulty  in  deciding  that  the  lower  line  of  the  first  pair  is  shorter  than 
the  upper  line,  and  that  the  lower  line  in  the  third  pair  is  longer  than 
the  upper  line.  The  lines  of  the  middle  pair  are  of  the  same  length, 
as  their  appearances  indicate.  The  precision  with  which  lengths  of  lines 
can  be  compared  in  a  simple  situation  such  as  that  illustrated  is  sen 

In  Fig  3-2  are  shown  three  similar  pairs  of  parallel  lines,  this  time 
with  arrows  attached  to  the  ends  of  each  line.  The  upper  three  are  a 
of  the  same  length,  whereas  those  below  differ  in  length.  Comparisons 
between  the  lengths  of  the  upper  and  lower  lines  are  more  difficult  to 
“  this  case,  but  most  observers  would  probaWy  sdect  t he  P-  on 
the  left  as  being  most  nearly  the  same.  1  hose  familiar  with  the  illusion 
win  urobablv  be  more  cautious  and  select  those  iu  the  center  as  bemg 
of  equal  length.  Actual  measurements  will  show  that  in  eac  i  o 
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cases  the  lower  lines  are  shorter;  those  which  actually  are  of  equal  length 
are  on  the  right. 

This  illusion  is  an  old  and  very  famous  one,  called  the  Mtiller-Lyer 
illusion.  Much  experimental  work  has  been  done  to  determine  its  na¬ 
ture  and  how  it  affects  various  people  under  varying  types  of  conditions. 
The  illusory  effect  is  found  to  be  a  strong  one  for  both  children  and 
adults.  Familiarity  with  the  figures  in  and  of  itself  docs  not  eliminate 
the  effect,  though  its  degree  may  be  reduced.  It  has  been  found,  how¬ 
ever,  that  practice  in  analyzing  the  figures  enables  one  to  give  accurate 
judgments  in  comparing  lengths,  and,  with  sufficient  practice,  the  effect 
may  disappear  (Kohler,  1947,  p.  76). 

< - >  < - >  < - > 


> - <  > - <  > - < 

Fig.  3-2  Pairs  of  lines  whose  comparative  lengths  are  usually  judged  erroneously. 


The  Muller-Lyer  figures  constitute  but  one  of  a  number  of  well-known 
geometrical  illusions.  They  are  discussed  in  almost  all  standard  trea¬ 
tises  on  general  psychology  (e.g.,  Woodworth,  1938,  pp.  643-650).  It  is 
not  necessary  that  these  illusions  be  considered  in  detail  here,  although 
many  of  the  conclusions  which  may  be  arrived  at  in  studying  them  are 
applicable  in  other  types  of  viewing  situations,  and  therefore  are  of  in¬ 
terest. 


It  should  be  emphasized  that  the  errors  made  in  judgments  concern¬ 
ing  the  geometrical  figures  do  not  result  merely  from  lowered  precision 
m  reporting  observations;  the  observations  are  biased  in  definite  direc¬ 
tions.  The  effects  are  essentially  the  same  for  almost  everyone,  includ¬ 
ing  young  children.  They  are  therefore  “inborn,”  or  at  least  result  from 
early  experiences  common  to  practically  all  people.  Some  of  the  illu¬ 
sions  have  been  shown  to  be  effective  on  animals  (Revesz,  1923-1924). 

In  dealing  with  illusions,  psychologists  resort  to  the  endowment  of 
the  visual  mechanism  of  the  mind  with  certain  attributes  or  tendencies. 

his  docs  not  necessarily  explain  the  phenomena  but  does  tend  to  sum- 
manze  them  in  the  sense  that  visual  phenomena,  which  otherwise  would 
appear  to  be  unrelated,  are  shown  to  be  merely  different  aspects  of  the 
same  characteristics.  One  of  these  tendencies  is  that  of  going  toward 
imp  e  gurcs.  Any  kind  of  oval-shaped  figure  is  usually  seen  either  as 

indicate  ^suaX"^!1' 3  tllan  ltS  achlal  §eo,netry  would 
dicate.  Usually,  this  change  ,s  associated  with  an  adjustment  of  the 
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spatial  orientation  of  the  figure.  There  is  also  the  tendency  to  respond 
to  the  complete  situation  even  though  some  parts  are  lacking.  This 
tendency  occurs  particularly  in  situations  which  are  well-known.  It 
may  be  illustrated  by  incomplete  letters  or  other  incomplete  figures 
which,  without  careful  scrutiny,  are  accepted  by  an  observer  as  being 
complete. 

An  essential  element  in  many  of  the  effects  is  the  emergence  of  a  pat¬ 
tern.  The  various  parts  of  a  figure  are  seen  in  a  relationship  to  each 
other  to  which  the  observer  ascribes  meaning.  If  the  meaning  is  evi¬ 
dent  to  the  observer,  lack  of  details  are  often  relatively  unimportant. 
Attention  to  the  details,  study  of  the  figure,  or  experience  in  dealing 
with  it  alters  the  responses,  but  the  basic  tendencies  in  some  degree 
usually  remain. 

The  term  illusion  seems  appropriate  in  describing  the  situation  when 
lines  are  of  equal  length  by  measurement  but  not  by  appearance,  or 
when  two  lines  appear  to  be  parallel  if  viewed  from  one  direction  and 
nonparallel  if  viewed  from  another.  In  a  more  general  sense,  however, 
the  phenomena  illustrate  characteristics  of  the  visual  mechanism  and 
as  such  are  no  more  illusory  than  are  any  of  the  other  aspects  of  vision. 
The  term  illusion  implies  that  an  exact  correspondence  between  stimuli 
and  the  associated  responses  is  to  be  expected.  Such  an  assumption  is 
not  in  accord  with  the  facts  as  they  are  now  known.  Justification  for  the 
term  is  largely  historical,  and  it  is  well  to  confine  it  to  as  narrow  a  range 
of  phenomena  as  possible.  1  o  the  extent  that  they  can  be  formulated, 
principles  or  laws  of  vision  are  the  matters  of  importance.  It  is  well- 
known  that  these  principles  must  take  into  account  much  more  than  the 
individual  physical  stimuli,  considered  apart  from  their  surroundings. 

MODES  OF  APPEARANCE 


estimated  only  with  a  considerable  degree  of  uncertainty.  It  must  be 
homogeneous  in  hue,  saturation,  and  brightness.  It  does  not  appear 
to  have  volume,  yet  there  is  no  sharp  or  distinct  surface.  A  typical  ex¬ 
ample  of  the  aperture  mode  is  that  of  matching  and  uniform  fields  in  a 
colorimeter. 

An  object-surface  color  is  so  called  because  it  appears  as  the  surface 
of  something,  either  a  solid  object,  a  liquid,  or  a  dense  cloud.  It  gen¬ 
erally  has  surface  texture  and  a  discernible  position  and  orientation  in 
space.  An  object-surface  color  often  may  be  transformed  into  an  aper¬ 
ture  color  if  a  portion  of  it  is  examined  through  a  small  aperture  with 
a  dark  surround.  This  process  is  called  reduction  of  a  color,  and  the 
colors  so  seen  are  called  reduced  colors.  If  the  surface  has  a  texture, 
slight  diffusion  of  the  light  or  out-of-focus  viewing  will  reduce  it  to  an 
aperture  color. 


Responses  to  Achromatic  Stimuli 

Luminous  flux  is,  by  definition,  radiant  flux  evaluated  in  accordance 
with  its  luminous  efficiency.  By  means  of  luminous-efficiency  relation¬ 
ships  which  have  received  international  acceptance,  it  is  possible  to 
evaluate  the  luminous  flux  corresponding  to  any  stimulus,  once  its  radi¬ 
ant  energy  distribution  is  known.  Additional  knowledge  concerning 
the  physical  conditions  under  which  the  radiant  energy  is  incident  upon 
a  surface,  or  emitted  from  it,  makes  possible  the  evaluation  of  other 
photometric  quantities  such  as  the  luminance,  illuminance,  or  luminous 
intensity.  T  hese  terms  do  not  pertain  directly  to  the  appearance  of 
objects  or  sources  of  radiant  energy,  but  rather  are  the  result  of  certain 
specified  physical  and  mathematical  manipulations.  When  appearance 
itself  is  of  primary  interest,  a  term  such  as  brightness,  rather  than  lumi¬ 
nance  or  other  related  psychophysical  term,  is  applied.  The  brightness 
of  a  stimulus  is,  of  course,  partly  a  function  of  its  luminance.  The 
rightness  depends  also  upon  the  environment  or  field  in  which  the 
stimulus  is  seen  and  upon  the  characteristics  of  the  visual  receptor  system 
ot  the  human  observer  at  the  particular  instant  of  viewing. 


adaptation 

Visual  adaptation  pertains  to  the  adjustment  of  the  visual  mechanism 
to  he  intensity  or  quality  of  the  light  stimulus.  The  term  is  used  both 
with  respect  to  the  process  of  adapting  or  adjusting  and  to  the  cm 

::::  °y  :bc  st?ie  °f  -  a  ls„iz 

process.  The  equilibrium  state  thus  reached  is  often  described  with 
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respect  to  the  general  illumination  conditions  existing  for  that  state,  or 
with  respect  to  some  other  special  or  characteristic  stimulus  designed  to 
control  the  adaptation.  Thus,  when  all  light  is  excluded  from  the  eye 
for  an  extended  period  of  time,  the  eye  goes  through  a  process  of  dark 
adaptation,  finally  becoming  dark-adapted.  The  viewing  of  a  sunlit 
scene  results  eventually  in  adaptation  to  that  scene.  A  bright  patch  of 
light  in  a  colorimeter,  if  viewed  for  a  sufficiently  long  period  of  time, 
will  finally  result  in  a  particular  state  of  adaptation  of  the  observer. 

Changes  in  the  state  of  adaptation  of  the  eye  alter  greatly  the  visual 
responses  to  particular  stimuli  which  themselves  remain  unchanged. 
With  a  dark-adapted  eye,  lighted  areas  with  luminances  as  low  as  10 -® 
mL  can  be  seen,  whereas  the  eye  is  dazzled  by  a  luminance  as  low  as 
25  mL  (Abribat,  1935,  p.  11).  After  full  adaptation  to  sunlight,  the 
minimum  luminance  that  can  be  seen  is  approximately  0.6  mL  (Hecht, 
Hendley,  Ross,  and  Richmond,  1948,  p.  1575),  and  the  eye  can  with¬ 
stand  luminances  ranging  as  high  as  105  mL  without  marked  pain.  In 
bright  sunlight,  objects  having  luminances  of  less  than  100  mL  would 
appear  black;  the  same  luminance  to  a  completely  dark-adapted  eye 
would  be  too  bright  to  be  viewed  comfortably. 

The  state  of  adaptation  of  the  eye  in  relation  to  the  viewing  condi¬ 
tions  also  affects  other  visual  characteristics,  many  of  which  are  of  great 
practical  importance.  Failure  to  achieve  complete  dark  adaptation,  for 
example,  may  seriously  impair  night  vision.  Visual  acuity  is  low;  dis¬ 
tant  objects  or  objects  which  provide  but  little  contrast  against  their 
surroundings  can  be  seen  only  with  difficulty,  or  not  at  all.  Similar 
impairment  of  vision  may  result  in  passing  from  low  to  high  illumina¬ 
tion  if  the  eye  is  not  given  sufficient  time  to  adapt.  In  this  case,  intense 
pain  may  also  result  from  the  incidence  of  the  light  on  the  retina. 


factors  controlling  adaptation  level 

The  adaptation  level  of  the  eye  is  often  thought  of  as  the  state  which 
the  eye  will  reach,  with  normal  blinking,  after  the  steady  viewing  of  an 
extended  stimulus  of  constant  luminance.  Vision  is  seldom  restricts 
to  such  stimuli,  but  at  any  instant  the  state  of  adaptation  of  the  eye 
(or  of  a  particular  region  of  the  retina)  may  be  assumed  to  be 
equal  to  that  which  would  be  obtained  under  these  special  conditions. 
So  considered,  the  state  of  adaptation  at  a  particular  moment  can  be 
shown  to  be  related  in  a  complex  manner  to  the  pattern  of  the  radi 
energy  stimuli  which  have  been  and  are  incident  upon  the  eye  If  a 
observer  is  dark-adapted  and  goes  out  into  daylight  illumination,  Ins 
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eyes  very  rapidly  lose  their  sensitivity  until  lie  is  adapted  to  the  lumi¬ 
nances  within  his  range  of  view.  If  he  then  returns  to  a  darkened  room, 
his  eyes  regain  their  sensitivity,  but  much  more  slowly  than  it  was  lost. 

If  the  field  of  view  contains  areas  which  vary  in  luminance,  the  state 
of  adaptation  following  the  steady  viewing  of  it  will  correspond  to  some 
luminance  intermediate  between  the  extremes  (see  Adams  and  Cobb, 
1922,  p.  39).  Foveal  adaptation  will  be  affected  most  by  stimuli  incident 
upon  the  fovea,  and  less  with  increasing  distance  of  the  stimuli  from 
the  fovea.  Higher  luminances  or  larger  areas  will  have  greater  effects 
than  lower  luminances  or  smaller  areas.  More  precise  methods  for 
determining  adaptation  levels  in  complex  fields  will  be  discussed  in  later 
sections. 

SENSITIVITY  TO  LUMINANCE  DIFFERENCES 

The  effect  of  adaptation  on  sensitivity  to  luminance  differences  as 
found  by  Lowry  (1929)  is  illustrated  in  Fig.  3-3.  The  two  parts  of  the 
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tions  of  log  B  where  A B  is  the  differential  luminance  between  the  two 
halves  of  the  test  field,  and  B  is  the  luminance  of  one  of  the  halves.  The 
four  curves  are  for  different  luminances  of  the  surrounding,  adapting 
field. 

On  the  low-luminance  side  the  ratio  A B/B  is  seen  to  decrease  rapidly 
with  increasing  luminance  B.  Each  curve  passes  through  a  minimum 
for  this  ratio,  which  corresponds  to  a  maximum  for  contrast  sensibility. 
The  increases  on  the  high-luminance  side  are  very  slight,  probably  be¬ 
cause  adaptation  in  this  region  is  controlled  to  a  considerable  extent 


Log  B  (sensitizing  field)  (millilamberts) 

Fig.  3-4  Extinction  or  black  point  as  a  function  of  the  logarithm  of  the  adapting 
field  (Lowry,  1929,  p.  39). 


by  the  test  field  itself.  Curves  very  similar  to  those  given  by  Lowry 

were  obtained  later  by  Abribat  (1935).  ,  . 

Lowry  <1979  pp  37-40)  also  determined,  for  each  adaptation  level, 

the  luminance  of  the  test  field  for  which  further  decreases  in  luminance 
would  produce  no  changes  in  appearance.  1  his  luminance  is  rcferrcc 
to  as  the  extinction  point  or  the  black  point.  A  plot  of  the  logaritlu 
,f  the  extinction-point  luminance  as  a  function  of  the  logarithm  of  the 
adanting-ficld  luminance  is  given  in  Fig.  3-4.  The  curve  shown  ,s  for 
binocular  vision.  The  extinction-point  luminances  for  monocular  visio 
are  above  those  shown,  the  difference  being  greatest  for  low  adapt, ng- 

^A  study'of'rtie  effect  of  the  luminances  of  surrounding  fields  on  the 
apparent  brightness  differences  of  test  objects  was  made  earlic,  y 
Adams  and  Cobb  (1922).  On  the  basis  of  several  assumptions  as  o  , 
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action  of  the  eye  and  the  nerve  responses  coining  from  it,  they  arrived 
at  a  mathematical  equation  which  may  be  written  as  (ibid.,  p.  41): 

_  (3-1*) 

A(logB)  ( B  +  Bi )2 

This  equation  gives  tlic  change  in  sensation,  AS,  per  unit  change  m 
the  logarithm  of  the  luminance,  B,  of  the  test  object.  It  indicates  that 
this  quantity  equals  the  product  of  the  luminance  of  the  test  object 
and  of  the  luminance,  Bu  of  the  surrounding,  adapting  field,  divided 
by  the  square  of  the  sum  of  these  two  luminances.  If  Bl  is  assumed  to 
be  a  constant,  this  expression  is  at  a  maximum  when  B  equals  Bj,  and 
drops  off  quite  rapidly  from  the  maximum  with  increasing  or  decreasing 
values  of  B.  The  general  nature  of  the  relationship  is  similar,  there¬ 
fore,  to  those  obtained  experimentally  by  Lowry  and  Abribat,  but  addi¬ 
tional  assumptions  are  necessary  as  to  the  adaptation  luminance  before 
closer  comparisons  can  be  made. 

Adams  and  Cobb  found  that  their  equation  fitted  their  experimental 
data  better  if  the  adaptation  luminance  B,  was  not  assumed  constant 
but  depended  upon  the  luminance  of  the  test  object  as  well  as  that  of 
the  field  luminance.  Designating  the  field  luminance,  in  this  case,  as 
B',  the  expression  they  gave  is  (Ibid.,  p.  42): 

Bx  =  VaB2  4-  (1  -  a)B'2  (3  •  1  £) 

in  which  a  is  an  empirical  coefficient  expressing  the  relative  effective¬ 
ness  of  the  test  field  and  the  surround  on  adaptation.  By  using  a  value 
for  a  of  %,  they  found  that  the  curves  obtained  matched  very  well  the 
experimental  data  previously  obtained  by  Cobb  (1916). 

If  the  surrounding  field  does  not  have  uniform  luminance,  Adams 
and  Cobb  (1922,  p.  >9)  assumed  that  adaptation  luminance  would  be 
equal  io  a  weighted  quadratic  mean  of  the  luminances  of  the  different 
parts  of  the  field.  The  weighting  of  the  parts  would  take  into  account 

their  relative  areas  and  their  visual  importance  with  respect  to  the  test 
field. 


CONTRAST 

If  two  achromatic  stimuli  of  the  same  luminance  are  surrounded  by 
areas  whose  lum.nances  differ  from  those  of  the  central  areas  and  from 

I  ff1  7-  he  central  areas  will>  in  general,  appear  to  be  of 
th!7alrng  ThC  °ne  SUrI0Unded  the  ’igl^or  area  will  be 
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The  phenomenon  is  commonly  referred  to  as  simultaneous  contrast; 
an  area  appears  lighter  because  it  is  in  close  contact  with,  and  con¬ 
trasted  against,  a  darker  surround,  or  an  area  appears  darker  because  it  is 
contrasted  against  a  lighter  surround.  Illustrations  and  more  detailed 
descriptions  of  the  phenomenon  have  been  given  by  Evans  (1948,  pp. 
164-166). 

Contrast  effects  are  closely  related  to  those  of  adaptation.  Simulta¬ 
neous  contrast,  for  example,  might  be  accounted  for,  at  least  partially, 
on  the  basis  of  induced  alterations  of  sensitivity;  retinal  elements  are 
more  sensitive  when  surrounded  by  regions  of  low  intensity  than  they 
are  when  surrounded  by  regions  of  higher  intensity.  The  terms  simul¬ 
taneous  contrast  and  lateral  adaptation  are  for  this  reason  sometimes 
used  interchangeably. 

The  apparent  brightness  of  a  stimulus  will  also  depend  to  a  certain 
extent  upon  the  intensity  of  the  stimulus  viewed  previously  by  the  same 
retinal  region.  This  phenomenon  is  sometimes  called  successive  con¬ 
trast.  As  it  is  characterized  by  changes  in  the  relative  sensitivities  of 
retinal  elements,  it  is  also  sometimes  referred  to  as  local  adaptation. 
Afterimages  are  examples  of  the  visual  effects  resulting  from  successive 
contrast. 

PROCESS  OF  DARK  ADAPTATION 


One  indication  of  the  visual  state  of  adaptation  is  the  threshold  lumi 
nance,  or  the  minimum  luminance  which  a  stimulus  may  have  and  be 
seen  against  a  completely  dark  background.  As  already  indicated,  when 
the  eye  is  adapted  to  daylight  this  threshold  is  high;  when  the  eye  is 

dark-adapted  it  is  very  much  lower. 

Hecht,  Hendley,  Ross,  and  Richmond  (1948)  employed  the  criterion 
of  threshold  luminance  to  study  the  process  of  dark  adaptation  after 
exposure  to  sunlight.  The  effects  of  different  exposures  on  the  thresh¬ 
old  luminance  are  indicated  in  Fig.  3-5.  The  curves  represent  averages 
for  a  number  of  different  observers,  and  each  of  the  exposures  indicatcc 
affpr  rafher  lenethv  periods  of  dark  adaptation.  As  shown 


sposure  to  sunlight  was  found  to  have  cumulative 
illustrated  in  Fig.  5 -6.  Tire  “sunlight”  group  was 
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Repeated  daily  exposure 


effects.  These  are  i 


exposed  to  full  sunlight  for  4  to  6  hr  a  clay.  Members  of  the  control 
group  either  remained  indoors  or  wore  protective  glasses  when  they 
were  outdoors.  The  thresholds,  in  each  case,  were  measured  in  the 


Time  in  darkness 

Fig.  3-5  Logarithm  of  the  threshold  luminance  as  a  function  of  period  of  dark 
adaptation  after  outdoor  exposures  of  (a)  30  min  with  sky  luminances  of  3,500  mL, 
( b )  13  min  with  sky  luminances  of  6,000  mL,  (c)  2  min  with  sky  luminances  of 
7,000  mL,  and  (d)  60  min  with  sky  luminances  of  50  mL  (Ilecht,  Ilendley,  Ross, 
and  Richmond,  1948,  p.  1575). 


morning,  after  an  hour  of  dark  adaptation  and  before  the  experimental 
group  was  allowed  to  go  out  into  the  sunlight.  The  general  downward 
trend  of  the  control  group  was  attributed  to  learning  which  resulted 
from  repetitions  of  the  test.  The  effects  of  sunlight  probably  corre- 


!'P'T  t0  dlfferences  between  the  two  curves.  After  a  few  days  of  sun- 
hght  exposure,  it  is  seen  that  the  threshold  rises  sharply  A  maximum 

,S  reaChed’  after  wllich  ^  threshold  gradually  decreases.  It  s“ 
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mains  well  above  that  for  the  control  group,  however.  Later  exposure 
of  the  control  group  to  sunlight  showed  an  immediate  and  marked  rise 
in  threshold  level  for  this  group. 


SENSITIVITY  LOSS  AND  RECOVERY  FOR  LIGHT 
ADAPTATION 


The  sensitivity  effects  of  light  adaptation  as  functions  of  time  and 
retinal  position  of  exposure  have  been  studied  by  Wright  (1934  and 
1947,  Chapters  XIX,  XX,  and  XXII)  of  England  and  by  Schouten 
(1937)  of  Holland.  Schouten’s  and  some  of  Wright’s  results  pertain 
primarily  to  achromatic  relationships.  The  greater  part  of  Wright’s 
work  dealt  with  chromatic  stimuli. 

Both  Wright  and  Schouten  made  use  of  binocular  matching  tech¬ 
niques  in  which  the  fields  of  view  for  the  two  eyes  were  kept  entirely 
separate  (see  Wright,  1947,  pp.  211-219).  Test  lights  or  objects  were 
placed  in  the  two  fields  in  such  positions  that  to  the  observer  they 
appeared  to  be  side  by  side.  One  of  the  test  stimuli  was  then  altered 
until  the  observer  decided  that  the  two  matched.  After  this  preliminary 
match  was  made,  one  of  the  two  eyes  was  exposed  to  an  adapting  light. 
During  or  after  this  exposure,  the  two  test  stimuli  were  again  examined. 
If  they  failed  to  match,  as  was  usually  the  case,  one  of  the  test  lights 
was  altered  until  a  new  match  was  secured.  The  alterations  necessary 


usually  changed  as  a  function  of  time  until,  for  a  given  set  of  conditions, 
a  steady  state  was  reached.  When  the  adapting  light  was  turned  off, 
the  test  lights  which  originally  matched  would  eventually  match  again. 

A  basic  assumption  of  the  binocular  matching  method  is  that  adapta¬ 
tion  of  one  eye  does  not  affect  the  adaptation  of  the  other.  Schouten 
found  that  the  diameter  of  the  iris  openings  of  the  two  eyes  changed 
in  almost  the  same  manner  when  only  one  was  exposed  to  a  light 
stimulus.  Both  Wright  and  Schouten  found,  however,  that,  if  an  arti¬ 
ficial  exit  pupil  of  small  diameter  was  used,  adaptation  in  the  two  eyes 

was  essentially  independent.  .. 

In  the  series  of  experiments  by  Schouten  (1937)  the  two  test  fields 

contained  similar  objects  whose  brightnesses  could  be  compared  The 
illuminations  on  the  objects  in  the  two  fields  could  be  controlled 
separately.  The  field  for  the  right  eye  also  contained  an  adapting  01 
“glare”  light  The  procedure  followed  for  each  series  of  readings  uas 
one  in  which  both  eyes  were  first  darlc-adapted.  Both  fields  were  then 
illuminated,  and  the  relative  intensities  of  the  illuminations  adjuster 
until  the  intensities  of  the  light  from  the  objects  nr  the  two  test  fields 
appeared  to  be  the  same.  The  adapting  light  was  then  allowed  to 
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shine  into  the  right  eye  for  some  predetermined  and  carefully  con¬ 
trolled  period  of  time.  With  the  adapting  light  off,  the  brightnesses  of 
the  two  object  surfaces  no  longer  matched;  that  for  the  right  eye  always 
being  darker.  The  illumination  intensity  for  the  field  of  the  right  eye 
was  then  increased  until  a  match  was  again  secured.  Schoutcn  defined 
the  quantity  p  as  p  =  Ex/E2  w'here  Ea  was  the  illumination  on  the  test 
object  before  adaptation,  and  E2  the  illumination  during  or  after  ex¬ 
posure  required  to  maintain  the  match.  He  interpreted  p  as  the  meas¬ 
ure  of  the  relative  sensitivity  of  the  exposed  eye. 


Time  of  exposure  t  (milliseconds) 

He.  v7  Rate  of  loss  of  sensitivity  to  luminance  after  adaptation  to  a  stimulus  of 
180  luxes  directed  to  a  retinal  area  6°  from  the  fovea  (Schouten,  1937,  p.  35). 

I  he  speed  with  which  the  eye  sensitivity  is  reduced  during  exposure 
to  a  bright  light  is  very  great.  The  special  equipment  devised  by 
Schouten  for  determining  the  exact  nature  of  this  relationship  was  such 
that  the  adapting  light  could  not  be  directed  into  the  same  region  of 
the  retina  as  was  the  test  object.  With  a  difference  in  angle  of  6° 
between  the  test  object  and  the  glare  light,  and  an  intensity  of  the 
latter  of  ISO  luxes,  the  sensitivity  p  was  found  to  depend  upon  time  as 
shown  in  Fig.  3-7.  The  loss  in  sensitivity  w'as  essentially  completed 
in  twro-tenths  of  a  second.  Similar  data  obtained  by  Wright  (1947,  p. 
222)  indicates  that  the  depression  in  sensitivity  may  continue  for  up¬ 
wards  of  a  minute.  In  either  case,  it  is  evident  that  the  presence  of  an 
adapting  stimulus  causes  a  very  rapid  reduction  in  sensitivity. 

Schouten  found  that  the  minimum  value  of  P  decreased  as  a  function 
o  t  le  intensity  of  the  glare  light  and  increased  as  a  function  of  the 
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angle  between  it  and  the  foveal  region  in  which  the  test  object  was 
viewed.  These  relationships  are  illustrated  in  Fig.  3-8  for  values  of  P 
5  sec  after  the  start  of  the  adapting-light  exposure.  Similar  curves  were 


Fig.  3-8  Sensitivity  of  eye  5  sec  after  exposure  to  adapting  light  as  a  function  of 
angular  distance  of  adapting  light  from  the  fovea,  for  different  luminances  of  the 
adapting  light  (Schouten,  1937,  p.  40). 

found  to  apply  when  the  test  object  was  viewed  in  regions  of  the  retina 
other  than  the  fovea.  This  indicates  that  the  loss  in  sensitivity  is  great¬ 
est  in  the  region  of  the  eye  which  receives  the  glare  illumination,  and 
falls  off  with  increasing  distance  from  this  region. 


Time  of  recovery  t 

Fig.  3-9  Rate  of  recovery  of  lost  sensitivity  for  various  times  of  exposure  to  the 
adapting  light  (Schouten,  1937,  p.  46). 


The  rate  of  recovery  of  lost  sensitivity  after  termination  of  the  adapt¬ 
ing  light  depends  upon  the  exposure  time  as  well  as  upon  the  sensitivr  y 
level  reached  during  exposure.  If  the  exposure  has  been  short,  the 
recovery  is  rapid;  for  longer  exposures,  a  greater  recovery  time  is  re- 
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quired.  Recovery  curves  giving  P  as  a  function  of  time  after  exposures 
varving  from  5  sec  to  4  min  are  shown  in  Fig.  3-9.  These  curves  were 
obtained  for  the  case  in  which  the  fovea  itself  was  exposed  to  the 
adapting  light.  For  adaptation  outside  the  fovea,  however,  the  curves 
obtained  were  of  essentially  the  same  shape. 


BRIGHTNESS  AND  LIGHTNESS 

Luminous  reflectance  is  the  ratio  of  the  luminous  energy  reflected  by 
a  surface,  under  specified  conditions  of  irradiation  and  reflectance 
measurement,  to  the  luminous  energy  incident  upon  the  surface.  Under 
uniform  illumination  the  luminances  of  a  series  of  surfaces  will  be  pro¬ 
portional  to  their  luminous  reflectances.  The  distinction  between 
luminous  reflectance  and  luminance  becomes  important  only  in  con¬ 
sidering  surfaces  under  differing  illuminations. 

The  term  corresponding  to  luminous  reflectance  which  applies  to  the 
appearance  of  a  surface  is  lightness.  Thus  lightness  is  related  to  lumi¬ 
nous  reflectance  in  the  same  sense  that  brightness  is  related  to  lumi¬ 
nance. 

Suppose  that  we  are  viewing  two  near-by,  nonselective  surfaces  of 
equal  reflectance.  If  both  are  equally  illuminated,  the  two  will  match. 
If,  now,  the  intensity  of  the  illumination  on  one  of  them  is  reduced, 
there  will  be  a  resulting  difference  in  brightness  between  the  two  sur¬ 
faces.  If  the  eye  and  the  rest  of  the  visual  mechanism  can  see  and 
comprehend  only  the  light  stimuli  from  these  two  surfaces,  it  is  evident 
that  the  interpretation  associated  with  the  change  of  illumination  could 
be  no  different  from  that  associated  with  a  decrease  in  the  reflectance 
of  one  of  the  objects,  with  constant  illumination.  If  seen  in  relation¬ 
ship  to  the  conditions  of  illumination,  however,  the  perceptions  asso¬ 
ciated  with  the  two  situations  may  be  quite  different.  A  surface  seen 
in  low  illumination  may  be  seen  to  have  a  lightness  equal  to  that  of 
another  surface  seen  in  higher  illumination,  even  though  the  intensity 
of  the  light  coming  from  the  former  is  considerably  lower. 


lightness  constancy 

The  perception  of  the  relative  luminous  reflectances  of  surfaces  in 
their  true  relationships,  independently  of  their  illuminations,  is  com¬ 
monly  referred  to  as  brightness  constancy.  With  the  terminology  now 
genera  ly  accepted  tins  is  a  misnomer,  because  it  is  lightness  which 
tends  toward  the  constancy  effect,  not  brightness.  Confusion  with  re- 
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spect  to  this  point  arises  easily,  however,  because  ordinarily  we  do  not 
attempt  to  analyze  what  we  see.  We  gain  visual  impressions  of  the 
objects  in  a  scene  practically  instantaneously  with  the  light  stimulus 
from  it.  I  he  fact  that  it  is  the  relative  lightnesses  of  the  objects  which 
we  perceive,  rather  than  their  relative  brightnesses,  is  usually  a  matter 
of  secondary  importance. 

Nothing  is  involved  in  lightness  constancy  which  is  basically  differ¬ 
ent  from  that  in  any  other  constancy  phenomenon.  A  receding  object 
is  seen  to  get  farther  away,  not  smaller,  although,  if  direct  attention 
is  given  to  its  visual  size,  one  perceives  that  its  image  does  indeed  become 
smaller.  Likewise,  a  reduction  in  the  amount  of  light  coming  from  an 
object  may  be  seen  as  a  change  in  its  illumination  rather  than  of  re¬ 
flectance,  critical  analysis  revealing  that,  although  the  same  amount  of 
light  is  no  longer  coming  from  it,  the  surface  is  unchanged.  In  neither 
ease  is  the  constancy  effect  necessarily  complete,  and  in  some  situations 
the  associated  perceptions  may  be  quite  erroneous  with  respect  to  the 
actual  physical  state  of  affairs.  The  stimuli  reaching  the  visual  mecha¬ 
nism  and  the  properties  of  this  mechanism  with  its  associated  centers 
of  higher  mental  processes  are,  of  course,  the  controlling  factors,  not 
questions  of  physical  “rightness”  or  “wrongness.” 

Lightness  constancy  is  a  phenomenon  which  has  been  subjected  to 
considerable  experimenting  and  theorizing.  It  is  by  no  means  fully 
understood,  although  enough  has  been  established  with  respect  to  the 
factors  which  affect  it  to  reduce  greatly  the  variety  of  tenable  hypotheses 
which  have  been  advanced  for  its  explanation.  No  more  can  be  done 
here  than  to  touch  upon  a  few  of  the  better-known  aspects  of  lightness- 
constancy  phenomena.  For  more  complete  discussions  the  reader  is 
referred  to  the  writings  of  Katz  (1935);  Gelb  (1929);  1  houless  (1931); 
MacLeod  (1932);  Kardos  (1934);  Koffka  (1935,  pp.  240-254);  and  Evans 
(1948,  pp.  157-168). 

Lightness  constancy  is  closely  related  to  other  visual  effects  such  as 
adaptation,  contrast,  memory  color,  and  pupillary  adjustments.  Bering 
considered  that  in  most  cases  these  four  factors  are,  in  fact,  sufficient 
to  explain  lightness  constancy.  Katz,  Gelb,  and  others  who  set  up 
specific  experiments  to  test  Bering  s  hypothesis  found,  however,  that 
these  factors  were  insufficient.  Constancy  remained  where  differences 
in  all  the  other  effects  mentioned  were  almost  entirely  eliminated. 

One  essential  condition  for  lightness  constancy  is  that  the  color 
be  seen  in  the  object  mode  rather  than  the  aperture  mode.  If  a 
reduction  screen  is  used  so  that  a  color  is  seen  as  an  aperture  color, 
there  is  no  perception  of  an  object,  no  taking  into  account  of  a  variation 
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iii  illumination,  and,  consequently,  no  constancy.  I  lie  difference  be¬ 
tween  the  two  modes  of  appearance  results  in  perceptual  differences  wit  1 
respect  to  the  nature  of  the  scene  viewed,  and,  without  the  perception 
of  objects  in  illumination,  constancy  is  not  possible. 

The  perceiving  of  the  illumination  is  thus  also  essential  to  lightness 
constancy.  Illumination  intensity  and  lightness  are  related  in  much 
the  same  manner  as  are  size  and  distance,  or  spatial  orientation  and 
shape.  A  change  in  brightness  implies  a  change  either  in  illumination 
or  reflectance.  Perceptually,  either  may  remain  approximately  con¬ 
stant,  despite  a  considerable  change  in  brightness,  provided  there  are 
strong  factors  in  the  visual  field  which  lead  to  a  perception  of  a  change 
in  the  other.  Similarly,  if  the  retinal  image  of  an  object  decreases  in 
size,  the  perception  may  be  either  that  of  an  object  which  actually  is 
becoming  smaller  or  of  one  which  is  receding.  An  clliptically  shaped 
disk  may  be  perceived  as  just  such  a  disk,  or  as  a  circular  disk  with  the 
plane  of  its  surface  inclined  to  the  angle  of  view.  The  particular  per¬ 
ception  in  any  specific  case  will  depend  upon  a  variety  of  stimulus  fac¬ 
tors  and,  probably  to  a  lesser  extent,  upon  the  attitude  and  state  of  the 
visual  mechanism  of  the  observer.  Almost  always,  however,  there  is  a 
tendency  toward  the  constancy  effect. 

In  the  case  of  lightness  constancy  there  still  remains  the  question  of 
exactly  how  the  nature  of  the  illumination  is  perceived.  It  is  not  a 
matter  of  separately  estimating  the  illumination  and  the  intensity  of  the 
light  from  the  object,  and  then  of  uniting  these  into  an  estimate  of  the 
reflectance  of  the  object.  The  various  perceptions  are  not  separated 
in  time.  What  is  presented  to  the  observer  is  seen  immediately  with 
whatever  constancy  it  has.  The  perceptions  are  probably  not  a  result 
primarily  of  experience,  because  the  effect  is  evident  in  young  chicks 
and  other  animals  (Kohler,  1947,  pp.  101-102),  and  apparently  thev  are 
as  strong  in  children  as  in  adults  (Burzlaff,  1931,  Koffka,  1935,  p.  239). 
Experience  and  learning  undoubtedly  affect  what  is  seen,  although  indi¬ 
cations  are  that  seeing  without  the  constancy  effects  is  what  must  be 

learned,  the  constancy  effects  themselves  are  evident  without  conscious 
learning. 

Illumination  is  something  which  is  a  part  of  the  seeing  situation  it¬ 
self.  Shadows  and  their  characteristics  provide  one  key;  over-all  inten¬ 
sities  and  contrasts  provide  others.  There  are  undoubtedly  many  other 
factors  which  also  have  their  influence.  Whatever  they  arc,  they  are 
just  as  much  a  part  of  the  scene  viewed  as  the  objects  themselves,  and 
their  influence  on  the  perceptions  of  the  objects  is  immediate. 


WHITE,  GRAY,  AND  BLACK 


^  lute,  gray,  and  black  constitute  a  series  of  achromatic  colors  which, 
under  conditions  of  uniform  illumination,  correspond  to  a  scale  of  per¬ 
centage  reflectances.  Black  is  not  uniquely  associated  with  the  achro¬ 
matic  series  of  colors,  however,  and  may  be  considered  as  the  end 
point  (perceptually)  of  all  series  of  colors  of  decreasing  intensity  in  a 
complex  field,  regardless  of  their  hues  or  saturations. 

White  is  characterized  by  high  reflectance  or  high  transmittance,  but 
it  also  has  an  additional  important  characteristic,  diffusion.  Materials 
or  surfaces  having  little  or  no  diffusion,  but  with  high  transmittance  or 
reflectance,  are  described  as  clear  (Evans,  1949).  A  clear  object  is  per¬ 
ceived  because  of  its  edges,  because  of  slight  surface  reflectances,  or 
because  of  slight  absorptions  in  the  light  passing  through  it.  A  smooth¬ 
surfaced  windowpane  is  an  example  of  a  clear  object.  A  mirror  is  not 
“clear’’  in  the  sense  that  light  actually  passes  through  it,  although  nor¬ 
mally  the  perception  associated  with  the  mirror  is  identical  with  that 
associated  with  a  clear  object. 

Between  clear  and  white  is  a  scries  of  achromatic  colors  of  increas¬ 
ing  diffuseness.  Such  a  series  may  be  illustrated  by  adding  increasing 
amounts  of  a  diffusing  substance  to  a  clear  liquid.  It  may  also  be 
obtained  by  spraying  white  paint  in  increasing  amounts  onto  clear 
glass,  or  by  grinding  the  surface  of  a  polished  metal.  Adjectives  such  as 
hazy,  foggy,  turbid,  and  milky  describe  various  regions  within  the 
transition. 

The  term  gray  is  used  in  describing  members  of  both  the  achromatic 
series  between  white  and  black  and  between  clear  and  black.  Two 
grays,  therefore,  which  appear  to  be  of  the  same  lightness  may  still  differ 
from' each  other  in  terms  of  the  amount  of  their  diffusion.  The  term 
whiteness  has  been  suggested  by  Evans  (1949)  to  indicate  the  perception 
of  this  diffuseness.  The  two  grays  just  described  would,  on  this  basis, 
differ  in  the  amounts  of  their  whiteness.  The  end  points  of  any  such 
series  would  be  the  gray  of  maximum  clearness  and  the  gray  of  maximum 


Grays  of  increasing  lightness  are  distinguished  from  white  or  clear 
on  the  basis  of  relative  brightness  or,  if  the  illumination  is  nonuniform, 
on  the  basis  of  relative  lightness.  An  area  seen  as  white  may  later  appear 
as  gray  if  a  brighter  object  is  introduced  into  the  field  of  view,  1  he 
shade  of  gray  is  the  perception  of  the  relative  brightness.  In  nonuniform 
illumination,  a  surface  of  high  reflectance  in  a  shadow  may  appear  white 
even  though  the  light  from  it  is  less  intense  than  that  of  a  gray  in  full 
illumination.  The  essential  requirement  is  that  the  difference  be  per- 
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ceived  as  a  difference  in  illumination  rather  than  a  difference  associated 
with  the  actual  object  surfaces. 

According  to  Evans  (1949,  p.  778):  “Black  •  •  •  may  be  considered  as 
the  perception  of  a  boundary  from  within  which  the  stimulus  is  not 
adequate  to  produce  a  visible  light  response.  It  is  a  positive  per¬ 
ception,  but  one  associated  with  a  perceived  lack  of  effective  light 
stimulus  over  a  particular  area.  The  effectiveness  of  the  stimulus  de¬ 
pends,  of  course,  upon  the  conditions  of  viewing  as  well  as  upon  its  own 
intensity. 

Responses  to  Chromatic  Stimuli 

Phenomena  analogous  to  those  discussed  in  the  preceding  sections 
are  encountered  in  complex  viewing  situations  involving  chromatic 
stimuli  as  well  as  in  those  involving  only  achromatic  stimuli.  They, 
too,  can  be  considered  under  the  general  headings  of  contrast,  adapta¬ 
tion,  and  constancy.  They  differ  only  in  that,  in  addition  to  bright¬ 
ness,  the  variables  of  hue  and  saturation  must  be  taken  into  account. 

SIMULTANEOUS  CONTRAST 

Simultaneous  color-contrast  phenomena  can  be  demonstrated  very 
simply  by  viewing  one  colored  area  against  backgrounds  of  other  colors. 
Suppose,  for  example,  that  we  have  a  small  cyan-colored  figure.  If 
viewed  first  against  a  white  background  and  then  transferred  to  a  black 
one,  the  cyan  appears  to  become  lighter  and  less  saturated.  If  seen 
against  a  purple  background,  the  hue  becomes  greenish,  and,  if  seen 
against  a  yellow-green,  it  becomes  bluish.  If  several  identical  figures 
are  made  of  the  same  cyan  color  and  placed  against  backgrounds  differ¬ 
ing  in  color,  the  figures  no  longer  appear  to  match,  but  may  differ  in 
all  three  attributes  of  hue,  saturation,  and  lightness  (e.g.,  see  Evans, 

1948,  Plate  IX,  p.  178).  Similar  effects  can  be  obtained  with  other 
colors. 


SUCCESSIVE  CONTRAST 

If  a  bright  green  image  is  viewed  intently  for  a  few  seconds,  and 
tlien  the  eyes  are  shifted  to  look  at  a  gray  surface,  an  image  of  tire 
same  geometrical  pattern  as  the  original  one  is  seen,  but  in  a  red-purple 

of  the  eve'6  Thf “""l  ^  "““T*  COntraSt’  due  t0  ^  adaptation 
ot  the  eye  The  second  image  which  is  seen  without  a  corresponding 
hght  stimulus  is  called  an  afterimage.  corresponding 
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Afterimages  may  be  seen  after  the  viewing  of  almost  any  chromatic  or 
achromatic  color.  I  he  brighter  and  more  saturated  the  original  color, 
usually  the  stronger  will  be  the  afterimage.  Afterimages  of  whites  and 
light  grays  are  dark  and  achromatic.  Afterimages  of  nonachromatic 
colors  are  complementary  to  the  original  stimuli,  provided  the  image 
is  viewed  on  an  achromatic  surface. 

If  the  eye  is  fixated  on  a  bright  color  and  the  light  from  this  object 
is  suddenly  and  appreciably  dimmed,  an  afterimage  of  the  object  in  the 
complementary  color  will  appear,  despite  the  fact  that  the  original 
stimulus,  in  weakened  form,  continues.  This  phenomenon  is  closely 
related  to  the  normal  afterimage  effect  and  is  referred  to  by  various 
writers  in  terms  of  “negative  after-image  with  the  persistence  of  the 
stimulus”  and  “after-images  upon  a  background  faintly  tinged  with  the 
stimulating  color”  (Karwoski,  1930,  p.  86).  When  light  which  appears 
achromatic  to  an  adapted  eye  is  suddenly  dimmed,  an  afterimage  which 
is  not  achromatic  may  appear.  This  phenomenon  has  been  used,  ap¬ 
parently  without  marked  success,  in  attempts  to  determine  a  “true 
white”  or  “true  complementaries”  by  finding  the  achromatic  stimulus 
which  would  remain  achromatic  when  dimmed  (Ibid.,  pp.  88-93). 

Troland  (1917)  also  reported  that,  when  a  negative  afterimage  has 
been  allowed  to  fade  against  a  background  field,  it  can  be  rejuvenated 
by  a  sudden  dimming  of  this  field.  Against  the  dimmed  field  the  after¬ 
image  will  again  disappear,  but,  if  the  field  is  brightened  and  dimmed 
once  more,  the  afterimage  will  again  be  visible.  By  increasing  the 
brightness  of  the  field  a  positive  afterimage  may  be  made  to  appear, 
even  though  the  original  stimulus  has  long  since  ceased. 

Contrast  effects  are  generally  explained  on  the  basis  of  physiological 
processes  taking  place  at  the  retina.  The  photochemical  or  photo¬ 
electrical  processes  at  any  one  point  on  the  retina  are  influenced  by  both 
previous  and  adjacent  processes.  The  phenomena  are  not  completely 
understood,  however,  and  “reverse  contrast  effects  sometimes  take 
place  in  which  this  method  of  explanation  does  not  seem  to  apply. 


GENERAL  COLOR  ADAPTATION 

In  going  from  sunlight  illumination  to  tungsten  illumination  we 
quicklv  adjust  to  the  prevailing  light  even  though  there  is  a  marked 
change  in  its  chromatic  characteristics,  as  well  as  its  intensity.  Most 
objects  which  we  carry  with  us  change  little  if  any  in  their  appearance, 
and  we  are  seldom  conscious  of  any  marked  departure  from  white  of  the 
tungsten  lamp.  All  this  is  despite  the  fact  that,  by  looking  in  from  the 
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outside  through  a  window,  we  may  see  that  the  light  source  and  the 
tungsten  illumination  indoors  are  decidedly  yellow. 

Color-adaptation  phenomena,  in  general,  are  similar  in  many  respects 
to  those  of  brightness  adaptation  which  have  already  been  discussed 
(see  p.  113).  A  light  stimulus  is  presented  to  the  retina  of  the  eye,  and 
a  visual  response  results  in  terms  of  a  perception  of  a  certain  brightness 
of  a  particular  hue  and  saturation.  At  the  same  time,  the  sensitivity  of 
the  eye  to  this  stimulus  decreases.  If  the  stimulus  is  continued,  the  re¬ 
sponse  and  the  sensitivity  reach  a  relatively  steady  state  in  a  short 


tic.  3-10  Schematic  representation  of  changes  in  the  visual  response  and  in  the 
light  sensitivity  of  the  retina  during  stimulation  (Wright,  1947,  p.  211). 

period  of  time.  If,  then,  the  stimulus  is  terminated,  the  perception 
associated  with  the  stimulus  also  ceases,  and,  more  slowly,  the  eye  re¬ 
gains  its  sensitivity. 

1  he  relationships  among  the  stimulus,  the  response,  and  the  sensi- 
ti\ it)  arc  illustrated  schematically  in  Fig.  3’ 10,  taken  from  Wright. 
The  drop  in  sensitivity  is  shown  to  be  very  rapid  at  first,  with  a  gradual 
leveling  off  to  a  minimum  fixed  sensitivity.  The  response  in  the  mean¬ 
time  builds  up  rapidly  to  a  maximum  and  then,  less  rapidly,  falls  off. 
As  the  response  and  the  sensitivity  both  decrease  the  sensitivity  de¬ 
creases  more  rapidly  and  goes  through  a  total  greater  change.  In  other 
words,  whereas  the  sensitivity  of  the  eye  to  the  stimulus  changes  greatly, 
the  amount  of  apparent  change  in  its  appearance  is  somewhat  less. 


LOSS  AND  RECOVERY  OF  COLOR  SE 

The  curves  of  Fig.  3-10  illustrate  the  general  nature  of  the  reaction 
of  the  visual  mechanism  to  a  light  stimulus,  but  the  exact  nature  of  the 
anges  m  response  and  sensitivity  vary  considerably  from  one  situation 
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to  another,  depending  upon  a  number  of  particular  factors.  Some  of 
these  factors,  such  as  intensity  of  the  stimulus,  retinal  position  of  stimu¬ 
lation,  and  time  of  stimulation,  have  been  discussed  in  connection  with 
brightness  adaptation. 

The  binocular  matching  equipment  developed  by  Wright  is  par¬ 
ticularly  suitable  for  the  study  of  color  adaptation  in  that  the  test  patch 


Img.  3-11  Red  recovery-  curves  after  white-light  (2,800°  K)  adaptation  periods  of 
(d)  10  see,  (b)  20  sec,  (c)  40  sec,  (d)  3  min  (Wright,  1947,  p.  221). 

of  light  is  matched  by  an  additive  mixture  of  three  primaries.  Hus 
makes  possible  a  match  for  any  color  of  test  light  under  any  conditions 
of  adaptation.  The  equipment  used  by  Wright  differs  in  this  respect 
from  that  used  by  Schouten  (see  p.  120),  and  also  m  that  the  variations 
necessary  to  regain  the  match  are  made  in  the  stimulus  presented  to 

the  eye  not  subjected  to  the  adapting  light. 

Results  of  one  series  of  experiments  conducted  by  W  right  are  illus¬ 
trated  in  Fie  3-11.  A  yellow  test  color  (580  m /*)  was  presented  to  the 
right  eye.  A  match  to  this  with  the  left  eye  was  obtained  with  an 
additive  mixture  of  the  red  primary  (650  m/i)  and  the  green  primary 
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(530  m/i)  of  the  colorimetric  system  used  in  all  of  Wright’s  experiments. 
When  this  match  had  been  made,  a  white  light  of  high  intensity  was 
allowed  to  shine  into  the  fovea  of  the  right  eye.  Adaptation  to  the 
white  light  continued  for  a  specified  period  of  time,  after  which  this 
light  was  turned  off.  The  observer  then  immediately  attempted  to 
match  the  yellow  light  still  seen  in  the  right  eye  with  a  new  combina- 


Fig.  3-12  Blue  recovery  curves  after  white-light  (2,800°  K)  adaptation  periods  of 
(a)  20  sec,  and  ( b )  3  min  (Wright,  1947,  p.  223). 


tion  of  the  red  and  yellow  primaries  seen  in  the  left  eye,  which  had 
not  been  subjected  to  the  high-intensity  adaptation.  As  soon  as  one 
match  had  been  made  and  the  results  recorded,  a  second  match  was 
undertaken.  This  process  was  repeated  until  little  further  alteration 
was  necessary  in  maintaining  the  match 

The  ordinate  values  in  Fig.  3-11  indrcate  the  relative  intensities 
cli  as  a  function  of  time  after  cessation  of  the  adapting  light  are 
required  in  the  red  primary  presented  to  the  left  eye  to  obtain  a  match 
Ihese  intensities  may  be  taken  as  measures  of  the  sensitivity  of  the 
right  eye  to  this  same  red  color.  The  slopes  of  the  curves  indicate  that 
he  rate  of  recovery  is  high  at  first,  but  as  the  original  sensit  vife  are 
approached  the  rate  decreases.  The  longer  the  adaptation  time,  the 
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smaller  is  the  initial  rate  of  recovery.  It  is  also  of  interest  to  note  that 
the  shapes  of  the  recovery  curves  are  different  in  the  four  cases;  re¬ 
covery  from  any  given  sensitivity  level  depends  both  upon  that  sensi¬ 
tivity  and  upon  the  stimulation  history  of  the  retina  prior  to  the  time 
that  this  state  is  reached. 

Recovery  of  sensitivity  to  green  light  after  adaptation  to  white  light 
of  high  intensity  is  quite  similar  to  the  recovery  of  sensitivity  to  red 


Fig.  3-13  Recovery  curves  after  10  sec  and  90  sec  adaptation  to  red  light  for  (a) 
red  test  color  and  ( b )  green  test  color  (Wright,  1947,  p.  242). 


light.  The  recovery  characteristics  to  blue  light  are  more  difficult  to 
determine  because  of  low  brightness  levels  at  which  the  blue  matches 
must  be  made.  Indications  are,  however,  that  for  short  periods  of 
adaptation  the  recovery  for  blue  light  is  somewhat  more  rapid  than  for 
red  or  green.  For  longer  periods  of  adaptation,  the  initial  recovery 
for  blue  light  also  seems  to  proceed  at  a  faster  rate,  but  the  shape  o 
the  recovery  curve  is  such  that,  when  the  recovery  becomes  more  nearly 
complete,  the  rate  is  not  greater  for  the  blue  light.  Curves  illustra  mg 
the  blue  recovery  for  adaptation  periods  of  20  sec  and  of  3  mm  arc 

shown  in  Fig.  3*12. 
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Sensitivity-recovery  curves  after  adaptation  to  red  illumination  are 
illustrated  in  Fig.  3-13.  Loss  of  sensitivity  is  greatest  for  the  red  pri¬ 
mary,  although,  for  short  adaptation  times,  recovery  is  very  rapid  tor 
either  the  green  or  red  primaries.  Changes  in  the  recovery  curves  as  a 


Time  in  seconds  it) 


Fig.  3-14  Red  and  green  recovery  curves  for  matching  test  color  at  610  m/x  after 
adaptation  to  red  light  having  an  intensity  in  photons  of  (a)  900,  (b)  1,800,  (c) 
3,600,  and  ( d )  7,200  (Wright,  1947,  p.  243).  Original  test  color  intensity  was  1,100 
photons,  with  red  reading  of  510  and  green  reading  of  125. 


function  of  adaptation  intensity  are  illustrated  in  Fig.  3-14.  An  in¬ 
crease  in  adaptation  intensity  lias  much  the  same  effect  as  an  increase  in 
adaptation  time. 


CO  I.  OR  DESCRIPTION  IN  THE  CO  M  PLF.X  FIELD 

Another  important  set  of  experiments  dealing  with  color  adaptation 
was  that  conducted  by  Helson  and  Ilelson  and  Jeffers.  In  these  ex¬ 
periments  an  answer  was  sought  to  the  general  question:  “Given  any 
object  as  stimulus,  what  will  be  its  hue,  saturation,  and  lightness  when 
viewed  on  any  background  under  any  illuminant?”  (Helson  1938  n 
439).  All  the  observations  were  carried  out  in  a  light  SlU  wooden 
booth,  erected  in  a  dark  room  of  the  laboratory.  In  the  ceiling 
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two  apertures,  one  to  admit  white  light  (2,850°  K)  and  the  other  to 
admit  colored  light  through  any  selected  filter.  Under  the  apertures 
was  a  horizontal  shelf  on  which  samples  of  colored  paper  could  be 
placed.  Each  person  serving  as  a  subject  was  given  1 5  min  of  adaptation 
time  in  the  room.  A  cover  over  the  samples  was  then  removed,  and 
the  subject  reported  on  the  colors  of  the  samples  as  they  appeared  to 
him.  A  record  of  these  reports  was  kept  by  a  second  person  located 
outside  the  booth. 

In  the  first  set  of  experiments,  achromatic  samples  were  viewed  under 
chromatic  illumination.  It  was  found  that  all  the  samples  of  high 
reflectance,  0.50  or  higher,  appeared  to  have  the  color  of  the  illuminant. 
If  the  background  against  which  samples  were  seen  was  white,  samples 
of  somewhat  lower  reflectance  appeared  neutral  or  achromatic,  and 
those  of  still  lower  reflectance  appeared  to  be  complementary  to  the 
color  of  the  illuminant.  Against  a  gray  background  similar  changes 
from  the  illuminant  color,  to  neutral,  to  the  complementary  color  were 
found,  except  that  the  transitions  took  place  at  lower  reflectances. 
With  a  black  background,  all  samples  appeared  to  have  the  color  of  the 
illuminant  except  those  of  very  low  reflectance  which  appeared  neutral. 

llelson  defined  the  adaptation  reflectance  as  that  at  which  transition 
through  the  neutral  took  place  and  formulated  the  general  principle: 
“samples  above  the  adaptation  reflectance  take  the  hue  of  the  illumi¬ 
nant  color;  samples  below  it,  the  hue  complementary  to  the  illuminant 
hue;  while  samples  near  the  adaptation  reflectance  are  either  achromatic 
or  greatly  reduced  in  saturation”  (ibid.,  p.  449).  The  adaptation  level 
depends  upon  the  hue  and  intensity  of  the  illuminant  used  and,  of  much 
greater  importance,  upon  the  background  against  which  the  samples 
are  seen.  With  a  white  background,  the  adaptation  reflectance  is  high, 
in  the  approximate  range  of  0.30  to  0.40  in  these  experiments.  For  a 
gray  background,  it  was  somewhat  lower,  in  the  approximate  range  of 
0.10  to  0.20.  With  a  black  background,  it  was  very  low,  below  0.05. 
Helson  states  that:  “Adaptation  reflectance  seems  from  our  results  to 
be  an  average  of  the  reflectances  of  the  surfaces  of  which  the  sample 
plane  is  composed;  these  surfaces  should  be  weighted  according  to 
proximity  to  the  fixation  point  in  space  and  in  past  time  •  •  * .  Of  first 
importance  is  the  reflectance  of  the  background  •••;  of  secondary  im¬ 
portance  is  the  average  reflectance  of  all  samples  in  the  field  •  •  •  the 
arrangement  of  the  samples,  their  size  and  distance  from  each  other, 
have  their  effect.  •  •  •  Thirdly,  eye-movements  determine  the  weighting 

of  the  sample-plane  elements  •  •  •  (ibid.,  p.  453). 

In  the  experiments  described,  saturations  were  least  near  the  adapta¬ 
tion  level  and  increased  above  and  below.  The  hue  and  saturation 
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changes  are  illustrated  diagrammatically  in  Fig.  3-15.  The  general 
shapes  of  the  curves  agree  with  those  obtained  for  all  illummants,  bu 
the  end  points  and  average  slopes  of  the  lines  vary  considerably  from 
one  illuminant  color  to  another.  The  complementary  hue  meant  m 


Luminance  of  sample  (relative  units) 

Fig.  3-15  Schematic  representation  of  saturation  and  hue  under  highly  chromatic 
illumination  as  a  function  of  reflectance  of  the  sample  for  {a)  black  background,  (b) 
gray  background,  and  (c)  white  background  (adapted  from  Helson,  1938  pp.  458 


t  is  figure  and  in  all  the  other  results  of  these  experiments  is  the  after- 
lmage  complementary  and  not  the  mixture  complementary.  These 
two  differ  m  that  the  afterimage  hues  contain  more  red  or  blue. 

In  the  second  set  of  experiments,  Helson  and  Jeffers  (1940)  used 
chromatic  paper  samples  in  chromatic  illumination.  In  strongly  clno- 
inahc  (approaching  monochromatic)  illumination,  it  was  found  that  the 
lightness  of  the  sample  was  a  better  clue  to  what  its  appearance  would 
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be  than  was  its  hue.  Samples  of  high  reflectance,  almost  regardless  of 
their  hues,  had  the  color  of  the  illuminant;  those  of  low  reflectance  had 
that  of  the  complement.  All  samples  seemed  to  be  less  saturated  under 
chromatic  illumination  than  they  were  under  daylight.  This  was  true 
even  if  a  colored  sample  was  seen  in  an  illuminant  of  the  same  hue.  As 
might  be  expected,  little  or  no  tendency  to  retain  the  daylight  color 
was  evidenced  except  for  samples  at  high  reflectance  with  the  same  hue 
as  the  illuminant,  and  samples  of  low  reflectance  of  the  complementary 
hue.  With  white  light  added  to  the  strongly  chromatic  illumination, 
the  tendency  toward  a  daylight  appearance  was,  of  course,  much  more 
pronounced. 


QUANTITATIVE  DESCRIPTION  IN  THE  COMPLEX 
FIELD 


An  attempt  to  reduce  the  description  of  a  color  in  a  complex  field  to 
mathematical  formulation  without  recourse  to  particular  theories  for 
“explaining”  the  result  has  been  made  by  Judd  (1940).  The  problem 
undertaken  was  described  as:  “Given  the  radiant  energy  of  the  illumi¬ 
nant  as  a  function  of  wave-length,  and  the  spectral  apparent  reflectances 
of  the  surfaces  in  the  field  of  view,  it  is  required  to  compute  the  hue, 
saturation,  and  lightness  of  the  surface  colors”  (ibid.,  p.  3).  The  prob¬ 
lem  is  the  same  as  that  described  earlier  by  Helson  except  that  Judd 
sought  a  mathematical  equation  in  which  to  express  the  results. 

Judd’s  equations  are  given  in  terms  of  units  of  his  UCS  (uniform 
chromaticity  scale)  mixture  diagram  (Judd,  19>5).  This  triangle,  de¬ 
signed  to  yield  approximately  equal  perceptual  differences  for  equal 

linear  distances,  was  illustrated  in  Fig.  2-26. 

The  three  basic  equations  Judd  derived  for  hue,  saturation,  and 

lightness  were  as  follows  (Judd,  1940,  pp.  6  and  9): 

H  =  f[(r  -  rn)/(g  -  gn ),  sgn(r  -  r»)]  (3 -2a) 

S  =  5079  =  50[(r  -  rn)2  +  (g  -  gn)2  +  <J>  -  £„)2]4  ^>-2b) 


L  = 


(3-2c) 


100*  -  0.03)0*/  4-  TOO) 

~ (F00  -  0.03)0*/  4-  A) 

Hie  symbols  used  are  defined  as: 

H  =  Hue  of  the  sample  as  estimated  by  the  observer. 
r,x,b  =  Trilinear  coordinates  *  of  sample  on  the  UCS  triangle. 

*  The  trilinear  coordinates,  like  the  trichromatic  coefficients  of  the  CIE  system, 
sum  to  unity.  Complete  specification  of  a  surface  color  includes  two  of  these  co¬ 
ordinates  and  the  reflectance,  A,  of  the  surface. 
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=  Trilinear  coordinates  of  the  stimulus  for  an  achromatic  color;  these  coordi¬ 
nates  are  found  to  be  functions  of  the  illuminant,  of  the  particular  sample 
fixated,  and  of  the  samples  near  the  fixation  point  in  the  immediate  past. 

=  Saturation  of  the  sample  as  estimated  by  the  observer. 

=  Distance  on  the  UCS  triangle  between  sample  point  (r,  g,  b)  and  achromatic 

point  (rn,  Zn,  bn).  .  ,.  , 

=  Lightness  estimated  by  the  observer  on  an  11-point  scale  extending  from  zero 
for  black  up  to  10  for  white,  the  intermediate  values  being  used  to  designate 

a  series  of  grays  with  uniform  visual  spacing. 

=  Apparent  reflectance  of  the  sample  being  examined  (actual  reflectance  of  an 

equivalent  perfectly  diffuse  surface). 

=  Apparent  reflectance  of  the  field — the  average  apparent  reflectance  of  the 
samples  and  background  weighted  according  to  proximity  in  past  time  and 
in  space  to  the  central  part  of  the  visual  field. 


As  given  by  the  equations,  the  hue  and  saturation  of  any  sample  color 
depend  solely  upon  two  sets  of  trilinear  coordinates  or,  in  other  words, 
upon  two  points  in  the  USC  triangle.  The  sample  coordinates,  r,  g, 
and  b,  depend  upon  the  spectral  reflectances  of  the  sample,  the  spectral 
distribution  of  the  light  used  to  illuminate  the  sample  and  its  surround¬ 
ings,  and  the  visual  characteristics  of  the  observer.  Judd  obtained  the 
necessary  data  on  the  samples  and  on  the  various  illuminants  used  and 
assumed  that  his  observers  had  the  visual  characteristics  of  the  standard 
CIE  observer.  The  trilinear  coordinates  of  the  stimulus  for  an  achro¬ 
matic  color,  r„,  g„,  and  bn,  depend  upon  the  illuminant,  the  particular 
sample  fixated,  and  the  samples  near  the  fixation  point  seen  in  the  im¬ 
mediate  past. 

According  to  equation  3-2 a,  the  hue  depends  upon  the  slope  of  the 
line  connecting  the  sample  and  the  achromatic  point,  and  upon  the 
si§n  (+  or  — )  of  the  quantity  (r  —  rn).  To  convert  these  data  into 
actual  hues,  Judd  provided  a  table  which  is  reproduced  here  as  Fig.  3-16. 


Figure  3-16 


H  for  r  —  rn 
Greater  than  Zero 

Red-blue 

Red 

Yellow-red 
Y  ellow 

Green-yellow 


0*  ~  rn)  (g  -  gn ) 
0.0  to  -0.38 
-0.38  to  -0.98 
-0.98  to  -2.3 
—  2.3  to  —  oo 
°°  to  2.0 
2.0  to  0.0 


Fig.  3-16  Hues  corresponding  to  values  of  U  of  Judd’s 


H  for  r  —  rn 
Less  than  Zero 

Green-yellow 
Green 
B1  ue-green 
Blue 

Red-blue 

formula  (Judd,  1940,  p.  6). 


It  is  of  particular  interest  to  note  that  in  accordance  with  this  equation 
a  sample  of  any  chromaticity  (on  either  the  UCS  triangle  or  the  standard 
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CIE  diagram)  may  have  any  hue,  depending  upon  the  position  of  the 
achromatic  point. 

Equation  y  •  2b  states  that  the  saturation  of  the  sample  will  be  equal 
to  a  constant  multiplied  by  the  distance  between  the  sample  point  and 
the  achromatic  point.  The  particular  constant,  50  in  this  case,  depends 
upon  the  number  of  steps  in  the  scale  used  by  the  observer  in  estimating 
the  saturation.  The  scale  used  here  was  an  11-point  one,  extending  in 
equally  spaced  intervals  from  zero,  or  achromatic,  to  full  saturation 
at  10. 

Equation  3*  2c  was  derived  from  another  lightness  formula  and  is 
given  by  (ibid.,  p.  5): 


U  = 


10  A 

- 3.0 

A  T  Af 


(3-2 d) 


Equation  3* 2c  differs  from  equation  3-2 d  only  in  the  modifications 
necessary  to  fit  the  lightness  readings  to  the  11 -point  scale  used  by  the 
observer  which  ranged  from  zero  for  black  objects  to  10  for  white  ones. 
The  general  form  of  equation  3-2 d  is  the  same  as  that  suggested  by 
Adams  and  Cobb  (1922,  pp.  41-42)  who  derived  from  theoretical  con¬ 
siderations  the  equation: 

B 

S  = -  (3 -3a) 

B+  B  i 


S  is  the  frequency  of  nerve  impulses  from  the  eye  relative  to  the  highest 
frequency  possible,  B  the  brightness  of  the  sample,  and  Bi  the  brightness 
of  the  field  surrounding  the  sample.  These  three  quantities  correspond 


to  the  quantities  used  by  Judd,  respectively,  L',  lightness,  A,  the  re¬ 
flectance  of  the  sample,  and  A/,  the  reflectance  of  the  field.  Judd  in¬ 
troduced  constants  into  this  equation  so  that  the  lightness  scale  would 
pass  through  the  zero  point  when  the  sample  reflectance  was  equal  to  the 
adaptation  reflectance  A'.  The  adaptation  reflectance  is  the  apparent 
reflectance  at  which  a  sample  of  trilinear  coordinates  equal  to  those  of 
the  field,  rh  gf,  bh  appear  most  nearly  achromatic.  Substituting  A' 
for  A  and  letting  L  =  0  in  equation  3*  2d  it  is  evident  that 


A' 


(3-3  b) 


The  adaptation  reflectance  has,  therefore,  been  taken  as  :i/7  the  apparent 
reflectance  of  the  field,  the  latter  being  a  weighted  average  of  the 
reflectances  of  the  samples  and  the  background.  The  value  of  L  in 
equation  3  •  2d  will,  of  course,  be  negative  when  the  sample  reflectance  is 
less  than  the  adaptation  reflectance. 
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Judd  distinguishes  four  observing  situations  which  give  different  co¬ 
ordinates,  rn,  gn,  and  bn,  for  the  achromatic  color  (Judd,  1940,  p.  10): 

Case  1 .  An  observer  adapted  to  daylight  enters  an  enclosure  with  an 
illumination  chromatically  different  from  daylight  and  is  given  instruc¬ 
tions  to  report  immediately  the  aperture  color  derived  from  a  sample. 
This  observing  situation  could  last  for  only  a  very  short  period  of  time, 
sometimes  less  than  a  second. 

Case  2.  Case  2  is  the  same  as  Case  1  except  that  the  observer  is  in¬ 
structed  to  report  the  surface  color  (that  is,  to  attempt  to  discount  the 
illuminant  color).  The  period  during  which  this  case  could  apply 
would  also  probably  be  limited  to  a  very  few  seconds. 

Case  3.  The  observer  remains  in  the  enclosure  looking  at  the  array 
of  samples  against  a  background  for  5  min  or  more  and  is  asked  to 
report  upon  the  surface  color  of  a  sample  by  momentary  fixation. 

Case  4.  Case  4  is  the  same  as  Case  3  except  that  the  observer  fixates 
on  the  sample  for  more  than  a  second  or  two. 

According  to  Judd,  all  four  of  these  observing  situations  should  be 
covered  by  equations  3-2 a,  3 -2b,  3 -2c.  The  equations  will  differ,  how¬ 
ever,  in  the  coordinates  of  the  achromatic  point,  r„,  g,„  and  bn.  For 
Case  1,  it  would  be  reasonable  to  assume  that  these  coordinates  would 
be  equal,  respectively,  to  0.44,  0.47,  0.09,  the  trilinear  coordinates  of  the 
daylight  point  on  the  UCS  triangle.  In  Case  2,  the  trilinear  coordinates 
could  be  expected  to  be  equal  to  those  of  the  illuminant  point. 

Both  Cases  1  and  2,  however,  are  relatively  trivial  because  the  duration 
of  the  time  in  which  they  could  apply  would  be  very  short.  For  Case  3, 
Judd  developed  a  much  more  complicated  relationship  for  establishing 
the  coordinates  of  the  achromatic  point.  The  equations  given  for  rn 
and  gn  are  as  follows,  bn  being  equal  to  1  -  (r„  +  gn)  (ibid.,  p.  8): 

rn  =  rf  -  Df[Q.\L'(rf  -  0.360)  -  0.018^/(L')2  log10  20007]  (3-4 a) 
gn  =  gf  -  Df[0.\L'(gf  -  0.300)  -  0.030]  (3.4^ 

The  symbols  used  in  these  equations  are  defined  as  follows: 


r/,Zf,  h  =  Trilinear  coordinates  of  the  field,  the  parts  of  the  field  being  weighted  in  taking 
an  average  as  in  the  definition  of  As. 

D/  ■  l(r/  -  0.44)2  +  (gf  -  0.47)2  +  (i,  -  0.09)!J>*— distance  from  the  daylight 

,  _  P?1"1’  0,44>  °'47’  0  09>  on  the  UCS  triangle  to  the  field  point,  ty,  g,  bt 
L  =  Lightness  as  defined  by  equation  3-2 d. 

As  =  Apparent  reflectance  of  the  field  as  defined  on  p.  137. 

I  =  Illuminance  of  sample  plane  in  foot-candles. 

Equations  3-4  were  developed  as  an  elaboration  of  equations  sug¬ 
gested  by  ideas  developed  much  earlier  by  Helmholtz  and  others.  The 
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equations  used  as  a  starting  point  for  deriving  equations  3-4  may  be 
written  as: 


rn  =  rs  -  k{rf  -  rw) 
Sn  =  g/  ~  k(gf  -  gw) 


(3-5) 


in  which  k  is  a  constant  and  rw,  gw  are  the  coordinates  of  the  original 
white  point;  that  is,  the  point  corresponding  to  the  color  seen  as  white 
before  adaptation.  In  equations  3-5,  if  k  were  equal  to  zero,  the 
achromatic  point  would  be  the  same  as  the  field  point.  This  would 
mean  complete  adaptation  to  the  field,  or  full  color  constancy.  If  the 
k  is  not  equal  to  zero,  the  achromatic  point  would  be  on  the  line  sepa¬ 
rating  the  original  white  point  from  the  field  point,  the  relative  distance 
along  this  line  depending  upon  the  value  of  k. 

The  elaborations  or  corrections  applied  to  equations  3-5  by  Judd  to 
obtain  equations  3-4  were  four  in  number  and  are  as  follows: 

1.  Introduction  of  the  term  L'  to  take  into  account  the  principle  that  nonselective 
samples  with  reflectances  considerably  greater  than  the  adaptation  reflectance  A' 
take  the  hue  of  the  illuminant,  whereas  those  with  apparent  reflectances  considerably 
less  take  the  hue  of  the  complement. 

2.  Introduction  of  the  term  0.0 3D,  in  the  expression  for  gn,  use  of  the  trilinear 
coordinates,  0.360,  0.300  instead  of  0.44,  0.47  for  the  white  point,  and  the  (I/)2 
term  in  the  expression  for  rn  to  take  into  account  the  departure  of  the  afterimage 
complementary  from  the  mixture  complementary. 

3.  Introduction  of  the  Df  term  because  no  chromatic  responses  not  accountable 
for  by  the  spectral  selectivity  of  the  samples  could  be  found  for  the  field  points  near 

the  daylight  points  0.44,  0.47,  and  0.09. 

4.  Introduction  of  the  product  term  b, A,  log10  2000/  because  of  the  intensifica¬ 
tion  of  afterimage  effects  for  a  blue  illuminant  at  high  illuminances,  /,  and  for  high 
field  reflectances,  A,. 


In  equations  3-4  all  the  quantities  have  been  quite  completely  speci¬ 
fied  except  the  quantity  A/.  As  previously  defined,  Af  is  the  axerage 
apparent  reflectance  of  the  samples  and  the  background  weighted  ac¬ 
cording  to  proximity  in  past  time  and  space  to  the  central  part  of  the 
visual  field.  There  are  a  number  of  ways  in  which  this  “weighting 
and  “averaging"  can  be  done.  The  difference  between  Case  3  and 
Case  4  of  the  observing  situations  involves  a  difference  in  averaging  t  ic 
various  parts  of  the  field.  For  Case  3,  in  which  the  fixation  point  was 
almost  constantly  moving,  Judd  used  the  following  equation: 


44^ 


(3  •  6a) 


A,  = 


2 


In  this  equation  A0  is  t 
which  the  samples  are 


the  apparent  reflectance  of  the  background  against 
e  viewed,  and  A  is  the  arithmetical  average  of  the 


140 


apparent  reflectances  of  the  samples  in  the  field  of  view.  I' or  Case  4, 
in  which  there  is  longer  fixation  on  the  particular  sample  whose  color 
sensations  are  being  named,  an  equation  giving  more  weight  to  the 
sample  apparent  reflectance  was  more  satisfactory,  such  as: 


Af  = 


2  A  4-  Aq  —  A 
4 


(3  •  6b) 


Judd  checked  his  formulae  and  evaluated  their  constants  by  means 
of  preliminary  observations  of  6  observers  viewing  1 5  samples  of  known 
spectral  apparent  reflectance  under  daylight  and  under  4  strongly  chro¬ 
matic  illuminants.  Two  backgrounds  were  used,  each  spectrally  non- 
selective,  one  white  and  one  dark  gray.  Use  was  also  made  of  observa¬ 
tions  made  by  Helson  for  the  same  samples  and  illuminants.  For  almost 
all  the  data,  Case  3  (observing  situation  of  more  than  5-min  adaptation 
and  only  momentary  fixation  on  the  sample)  gave  much  closer  results 
than  any  other  of  the  four  observing  situations  discussed.  In  this  case 
it  was  found  that  the  formulae  and  the  estimates  given  by  observers 
for  the  150  sample-illuminant  background  combinations  were  in  reason¬ 
ably  good  agreement  in  97  percent  of  the  cases  for  lightness,  84  percent 
for  hue,  and  73  percent  for  saturation.  The  agreement  between  the 
observer  estimates  and  the  formulae  was  considered  as  reasonably  good 
when  the  computed  hue,  lightness,  or  saturation  fell  within  the  corre¬ 
sponding  range  of  estimate  of  the  6  observers. 

The  equations  which  Judd  has  derived  are  of  unwieldy  complexity 
and,  even  so,  are  not  developed  beyond  the  point  to  which  they  give 
better  than  rough  approximations.  Their  importance,  however,  is  not 
in  their  use  as  mathematical  expressions,  but  rather  as  indications  of 
the  factors  which  must  be  taken  into  account  if  colors  in  a  complex 
field  aie  to  be  described  adequately.  They  indicate  the  types  of  assump¬ 
tions  which  are  necessary.  The  goodness  of  the  fit  to  experimental 
data  indicates  that,  if  the  proper  variables  in  physical  situations  in 
which  the  viewing  takes  place  are  known,  a  reasonable  description  of 
the  resulting  color  sensations  is  possible.  Indication  is  also  given  that 
these  variables  include  many  not  ordinarily  taken  into  account  in  the 
usual  colorimetric  descriptions. 


COLOR  CONSTANCY 

Lightness  constancy  is  the  term  used  to  describe  the  fact  that  two 
oh]ects  of  the  same  reflectance  are  closely  related  to  each  other  in  appear¬ 
ance,  cren  if  seen  under  two  illuminations  differing  markedly  in  in- 
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tensity.  In  our  discussion  of  lightness  constancy,  we  considered  only 
neutral  objects  seen  in  achromatic  illumination. 

A  similar  tendency  toward  chromatic  constancy  is  exhibited  by  prac¬ 
tically  all  objects,  in  almost  all  types  of  illumination.  The  term  color 
constancy  is  applied  to  the  general  phenomenon,  which  may  involve 
both  chromatic  and  lightness  constancy. 

Hering  (1920)  considered  adaptation  the  controlling  factor  in  an 
experiment  that  he  performed  illustrating  color  constancy.  The  experi¬ 
mental  arrangement  is  illustrated  in  Fig.  3-17.  A  candle  lighted  one 


Fig.  3-17  Experimental  arrangement  used  by  Hering  to  illustrate  color  constancy 
(Hering,  1920,  p.  15). 


side  of  the  photometer  tube,  and  sunlight  reflected  from  a  mirror 
lighted  the  other.  A  piece  of  blue  paper  was  placed  on  the  side  of  the 
prism  toward  the  candle,  and  a  brown  paper  on  the  side  toward  the 
sunlight.  By  properly  selecting  the  papers  and  adjusting  the  intensities 
of  the  two  illuminations,  it  was  found  that  the  two  papers  could  be 
matched  when  viewed  through  the  photometer  tube.  Both  appeared 
brown.  The  shades  were  then  drawn  so  that  no  sunlight  could  enter 
the  room,  and  the  samples  were  removed  from  the  photometer  and 
examined  in  the  candlelight.  Under  these  conditions,  both  samples 
resumed  their  daylight  appearance,  the  blue  paper  again  looking  de¬ 
cidedly  blue,  despite  the  fact  that  just  previously  it  had  appeared  brown 

under  the  same  illumination.  .  ,  , 

Although  the  light  reflected  from  the  blue  sample  remained  the 

same  in  Hering’s  experiment,  its  change  in  apparent  color  was  accom- 
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plished  with  a  marked  change  in  the  nature  of  the  conditions  under 
which  it  was  viewed.  A  change  in  the  state  of  adaptation  of  the  ob¬ 
server  might  well  account  for  the  change  in  appearance.  Katz,  how 
ever,  rejected  such  an  explanation  (Katz,  1935,  p.  188).  His  claim  was 
that  the  object  was  seen  as  blue,  when  the  light  from  it  had  been  recog¬ 
nized  as  brown,  because  the  observer  saw  it  as  an  object  in  an  illumina¬ 
tion.  Perceptual  recognition  of  the  existence  and  nature  of  the  chro¬ 
matic  illumination  was  accompanied  by  the  perception  that  the  object 
itself  was  blue.  According  to  Katz,  the  appearance  of  this  object  was 
not  the  same  as  it  would  be  in  daylight,  even  though  in  both  cases  it 
would  be  described  as  being  blue.  The  difference  would  lie  in  the  illu¬ 
mination;  a  blue  object  in  daylight  is  not  seen  as  the  same  kind  of  blue 
in  the  yellow  artificial  light.  The  illumination,  in  effect,  provides  a  di¬ 
mension  beyond  that  of  the  color  attributes  of  the  object  alone,  and  it 
must  be  taken  into  account  in  a  complete  description  of  the  appearance 
of  the  object. 

A  commonly  experienced  constancy  phenomenon  is  the  observation 
of  an  object  in  sunlight  with  a  shadow  on  it  illuminated  by  the  sky. 
1  he  color  of  the  object  appears  to  be  continuous  across  the  boundary 
of  the  shadow,  and  it  is  frequently  impossible  to  realize  that  the  actual 
stimuli  derived  from  the  sunlit  and  shadowed  portions  are  as  different 
as  sunlight  and  sky.  This  phenomenon  can  scarcely  be  explained  by 
adaptation  alone  and  is  believed  to  be  due  to  the  recognition  of  the 
continuity  of  the  object  and  of  the  illumination  situation. 

Koffka  reports  an  experiment  on  color  constancy  designed  specifically 
to  rule  out  the  possibility  of  contrast  or  adaptation  effects  (Koffka,  1935, 
pp.  258-259).  As  illustrated  in  Fig.  3T8,  a  white  screen  is  illuminated 
by  daylight  through  an  open  window,  and  by  tungsten  light  from  within 
the  room.  An  object  is  placed  between  the  tungsten  lamp  and  the 
screen,  casting  a  shadow  on  the  screen.  The  shadowed  area  is  illumi¬ 
nated  only  by  daylight,  while  the  rest  of  the  screen  and  the  room  are 
illuminated  by  a  mixture  of  daylight  and  tungsten  light.  To  the  ob¬ 
server  the  light  from  the  screen  appears  to  be  achromatic,  despite  the 

relative  yellowishness  of  the  tungsten  light,  whereas  the  shadowed  area 
is  a  decided  blue. 


1  he  experiment  as  so  far  described  is  well  known,  and  the  effect  is 
commonly  described  as  being  due  to  adaptation  and  simultaneous  con¬ 
trast.  Koffka,  however,  carried  the  investigation  one  step  further.  He 
reasoned  that,  if  simultaneous  contrast  were  the  chief  factor  involved  a 

Ttlm  blue  teHyer!°'V  th?  Shad°W  WOuld  increase  the  saturation 

Ot  the  blue.  He  therefore  completely  outlined  the  shadow  with  yellow 
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paper.  The  blue,  instead  of  becoming  more  saturated,  became  less  so. 
With  a  more  saturated  yellow  placed  around  the  shadow,  the  blue  ap¬ 
proached  the  achromatic  even  more  closely. 


A 


Fig.  3-18  Experimental  arrangement  used  by  Koffka  in  studying  color  constancy 
(after  Koffka,  1935,  p.  258). 


INTERRELATION  OF  VISUAL  EFFECTS 

Although  other  explanations  of  Koffka’s  results  are  possible,  it  is  evi¬ 
dent  that  the  interrelations  among  the  visual  effects  of  contrast,  adap¬ 
tation,  and  constancy  are  complex.  Vision  takes  place  with  the  stimu¬ 
lation  of  retinal  elements,  and  the  sensitivities  and  changes  in  sensitivity 
of  these  elements  undoubtedly  play  a  major  part  in  what  we  see.  Con¬ 
trast  and  adaptation  phenomena  are  among  those  which  seem  to  be 
subject  to  explanation  on  the  basis  of  processes  taking  place  in  the  ret¬ 
ina.  Some  constancy  phenomena  apparently  might  be  similarly  ex¬ 
plained,  but  most  of  them  seem  to  involve  higher  mental  processes. 
Furthermore,  some  of  these  same  constancy  phenomena  appear  to  be  of 
major  importance  in  dealing  with  contrast  and  adaptation.  It  is  cer¬ 
tainly  true  that  these  various  aspects  of  vision  cannot  be  separated  com¬ 
pletely.  Until  our  understanding  of  the  visual  processes  has  advanced 
somewhat  beyond  its  present  state,  it  would  be  hazardous  to  attempt 
to  define  precisely  the  role  of  each  of  the  factors  considered,  or  the  re  a- 

tionships  of  one  to  the  others. 
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Visual  Processes  and 
Color  Photography 


CHAPTER  IV 


EARLY  color  photographic  processes  were  frequently  described  by 
their  inventors  as  being  capable  of  giving  exact  color  reproduction. 
Such  extravagant  claims  are  now  seldom,  if  ever,  made,  despite  the  fact 
that  the  processes  themselves  have  been  markedly  improved.  The  term 
exact  color  reproduction  is  now  generally  reserved  for  the  “ideal  proc¬ 
ess.”  This  ideal  is  not  considered  to  be  an  accomplished  fact,  nor  neces¬ 
sarily  a  possibility,  but  rather  as  a  goal  toward  which  efforts  may  be 
directed  and  processes  appraised.  Limited  though  it  is,  even  this  usage 
of  the  term  exact  color  reproduction  has  not  been  universally  accepted. 
There  is  doubt  that  as  an  ideal  it  is  either  necessary  or  adequate. 


The  Photograph  and  the  Original  Scene 

In  considering  the  theoretical  color  requirements  of  a  color  photo¬ 
graph  it  is  necessary  to  take  into  account  the  nature  of  the  photograph 
and  its  relationship  to  the  scene  from  which  it  receives  its  exposure. 
1  he  photograph  obviously  is  not  the  original  scene;  it  is  something 
which  is  derived  from  it.  Terms  such  as  duplicate,  copy,  replica,  and 
facsimile  are  suggestive  of  the  relationship  of  the  photograph  to  the 
original  subject,  but  even  here  the  implied  similarities  are,  in  general, 
closer  than  the  facts  warrant.  Except  possibly  when  the  original  itself 
is  a  photograph,  neither  one  can  be  mistaken  for  the  other  Apart  from 
what  it  portrays,  the  photograph  is  itself  an  object,  with  its  own  surface 
and  edge  characteristics.  It  is  two-dimensional,  whereas  the  original 
scene  is  generally  of  three  dimensions.  The  colors  in  the  photograph 
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have  some  relationship  to  those  in  the  original  scene,  but  it  is  not  neces- 
sai\  that  they  be  exact  matches  for  the  scene  to  be  recognized  and  the 
photograph  enjoyed. 

More  accurately,  the  photograph  may  be  described  as  a  representation 
of  the  original  scene.  T  his  should  not  imply  that  the  photograph  and 
the  scene,  either  colorimetrically  or  otherwise,  necessarily  look  alike.  All 
that  is  meant  is  that  there  is  a  certain  correspondence  between  them. 
1  his  correspondence  may  indicate  no  more  than  a  type  of  mapping  re¬ 
lationship.  That  is,  for  each  tiny  area  of  the  photograph  there  is,  as 
illustrated  in  Fig.  4*1,  a  corresponding  small  region  of  the  original  scene. 


Fig.  4T  Each  small  area  A'  of  the  photograph  can  be  associated  with  a  correspond¬ 
ing  region  A  of  the  scene  photographed. 

The  existence  of  such  a  relationship  gives  no  indication  as  to  whether 
the  photograph  is  good  or  bad.  It  does  provide  a  basis,  however,  for 
studying  the  characteristics  of  the  photographic  process. 

CORRESPONDENCE  RELATIONSHIP 

By  associating  each  small  area  of  the  color  photograph  with  a  region 
of  the  original  scene,  comparisons  between  the  photograph  and  the 
scene  are  possible.  For  a  colorimetric  comparison,  one  could  obtain 
tristimulus  values  X,  Y,  and  Z  for  a  region  of  the  scene  and  the  tri¬ 
stimulus  values  X',  Yr,  and  Z'  for  the  corresponding  area  of  the  photo¬ 
graph.  Similar  determinations  for  other  chosen  areas  would  give  a 
selected  sampling  of  comparisons  which,  for  purposes  of  study,  could 
be  tabulated  in  some  convenient  manner.  This  tabulation  would  pro¬ 
vide  what  may  be  called  a  correspondence  relationship  between  the 
elements  of  the  subject  and  those  of  the  photograph.  To  the  values 
X,  Y,  and  Z  for  any  region  in  the  subject  there  would  be  a  correspond¬ 
ing  set  of  values  X',  Y',  and  71  in  the  photograph.  Such  a  correspond¬ 
ence  relationship  may  be  represented  by  a  name  or  a  symbol,  for  which 
we  shall  use  the  Greek  letter  *.  The  correspondence  *  is  then  given  by: 

(X,  Y,  Z )  i  (X',  Y',  Z') 

where,  as  already  defined,  X,  Y,  Z  and  X',  Y',  Z'  are  the  tristimulus 
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values  of  corresponding  portions  of  the  original  scene  and  of  the  photo¬ 
graph.  The  direction  of  the  arrow,  from  left  to  right,  indicates  that  the 
vj/  corresponds  to  a  transformation  from  X,  Y,  and  Z  to  X',  V,  and  Z  . 

As  so  far  considered,  the  correspondence  *  would  be  given  solely  by 
tabulated  sets  of  values  of  X,  Y,  Z  and  X',  Y',  Z'.  A  study  of  such  a 
table  might  reveal  certain  regularities,  howrever,  which  would  make  pos¬ 
sible  the  transformation  from  one  set  to  the  other  by  graphical  means, 
or  perhaps  by  mathematical  formulae.  Although  such  simplifications 
would  be  of  interest  and  possible  usefulness,  at  best  they  probably  could 
serve  only  as  rough  approximations.  Aside  from  the  mathematical 
complexity  of  the  problem,  there  is  the  fact  that  a  set  of  values  X,  Y, 
and  Z  in  the  original  scene  is  not  likely  to  be  sufficiently  definitive  to 
specify  a  unique  set  of  tristimulus  values  X',  Y',  and  Zr  in  the  photo¬ 
graph.  A  given  set  of  tristimulus  values  in  the  original  scene  may  result 
from  any  of  a  number  of  different  spectrophotometric  distributions  of 
radiant  energy.  These  different  distributions,  in  general,  will  give  dif¬ 
ferent  exposures  in  the  film,  and  they  will  consequently  result  in  dif¬ 
ferent  sets  of  tristimulus  values  in  the  photograph.  Likewise,  a  given 
set  of  exposures  in  the  film  might  result  from  any  of  a  number  of  dif¬ 
ferent  wavelength  distributions  of  incident  light,  but  in  general  these 
families  of  distributions  will  not  be  those  with  the  same  tristimulus 
values. 

The  correspondence  relationship  is  further  complicated  by  the  fact 
that  the  colorants  formed  or  deposited  in  any  small  area  of  the  photo¬ 
graph  will  depend  in  part  upon  the  reactions  or  depositions  which  take 
place  in  adjacent  areas  during  the  development  of  the  photographic 
image.  Also,  because  of  camera  lens  imperfections,  the  light  reaching 
the  film  from  any  small  region  of  the  scene  is,  in  general,  not  completely 
concentrated  into  one  small  area  but  is  to  some  extent  spread  out  over 
surrounding  areas.  Thus  the  correspondence  relationship  ^  between 
portions  of  the  scene  and  the  photograph  will  depend  upon  surrounding 
regions  as  well  as  upon  the  primary  regions  which  are  involved. 

The  problems  which  have  been  discussed  arise  in  connection  with 
the  attempt  to  ascertain  what,  for  a  given  photographic  process,  the 
correspondence  relationship  *  is.  Of  equal  interest  in  considering  the 
usual  characteristics  of  a  color  photographic  process  is  the  determination 
ot  what  this  relationship  should  be. 


COLORIMETRIC  MATCHING 

It  I, as  been  assumed  frequently  that  the  ideal  color  photographic 
process  would  be  one  in  which  the  photograph  gives  exact  colorimetric 
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reproduction  of  the  original  scene.  Interpreted  strictly,  this  would 
mean  that  the  correspondence  would  be  an  identity  correspondence, 
with  X  =  X,  Y'  =  Y,  and  Z'  =  Z.  Less  rigid,  and  sometimes  slightly 
different,  mterpietations  are  usually  made,  however.  For  example, 
Hardy  and  Wurzburg  (1937)  and  Harrison  and  Horner  (1937)  accepted 
as  their  criteria  that  X'  =  kX ,  Y'  =  kY,  and  Z'  =  kZ,  where  k  is  a 


constant,  ule  identified  the  perfect  color  reproduction  process  as  one 
which  fulfilled  two  conditions:  (1)  “All  the  color  patches  [in  the  original 
scene]  which  consist  of  image  components  of  the  process  under  consid¬ 
eration  must  be  reproduced  by.  the  same  concentration  of  the  image 
components  as  in  the  original  patches"  and  (2)  “All  patches  whose 
visual  appearances  are  identical,  whatever  their  spectral  composition, 
must  be  reproduced  by  the  same  mixture  of  the  three  image  compo¬ 
nents"  (Yule,  1938,  p.  421).  MacAdam  (1938a)  described  the  goal  for 
improvements  in  color  photography  as  the  production  of  images  which 
reproduce  the  relative  brightnesses,  dominant  wavelengths,  and  purities 
of  the  scenes  photographed.  Another  way  of  expressing  much  the  same 
idea  is  to  state  that  the  photograph  shall  reproduce  the  camera  lens 
image. 

These  various  criteria  are  not  exactly  the  same,  but  their  differences 
are  of  small  consequence.  All  may  be  considered  as  accepting  colori¬ 
metric  matching  as  basic  to  proper  photographic  reproduction,  their 
differences  being  primarily  differences  in  methods  of  interpreting  and 
applying  the  term. 

Colorimetric  matching  as  a  basis  for  judging  photographic  results, 
however,  has  never  found  universal  acceptance.  Neugebauer,  for  ex¬ 
ample,  has  stated:  “In  the  theoretical  treatment  of  color  reproduction 
processes,  the  requirement  of  exact  agreement  of  the  color  stimulus  of 
the  object  with  that  of  the  corresponding  picture  is  always  placed  first. 
That  this  requirement  is,  however,  not  to  be  maintained  too  rigorously, 
and  that  its  fulfillment  would  lead  to  false  color  sensations  in  many  in¬ 
stances  has  already  been  mentioned  in  connection  with  the  dilution 
with  white  desired  in  motion  picture  projection.  Color  sensations  do 
not  always  agree  completely  with  color  stimuli,  but  depend  strong  y 
upon  contrast  effects  (both  in  time  and  in  space).  Insofar  as  the  con¬ 
trasting  color  stimuli  of  the  subject  also  appear  in  the  picture,  the  effect 
of  the  contrast  upon  the  color  sensations  will  be  the  same.  However 
the  reproduced  portion  of  the  landscape  is,  for  example,  seen  in  brigli 
surroundings  in  nature,  while  the  picture  in  the  theater  is  seen  in  dar ' 
surroundings,  whereby  the  effects  of  the  same  color  stamnl.  are  com¬ 
pletely  changed.  Also,  the  absence  of  the  three-dimensional  effect 
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the  reproduction  and  many  other  things  cause  a  difference  between  color 

stimulus  and  color  sensation”  (Neugebauer,  1941,  p.  I SZ). 

In  considering  the  lighting  of  subjects  for  black-and-white  photo¬ 
graphs,  Evans  found  that  "the  order  of  brightnesses  m  the  reproduction 
does  not  necessarily  appear  the  same  as  it  does  m  the  subject  (Evans, 
] 943  p  580).  Also,  “if  a  background  is  to  reproduce  as  the  same  color 
which  it  appears  to  the  photographer,  it  must  be  separately  lighted  to 
very  nearly  the  same  level  as  foreground  objects  •  •  •  A  gradual  falling 
away  of  light  from  the  front  to  the  back  of  the  scene  is  hardly  notice¬ 
able  in  the  studio  but  shows  up  very  strongly  in  the  reproduction 
even  though  the  shadows  are  reproduced  at  the  same  relative  luminance 
as  in  the  scene,  they  appear  much  darker  in  the  picture  (ibid.,  p.  586). 
In  discussing  the  possibility  of  exact  psychophysical  matching,  Evans 
stated:  “This  possibility  has  led  many  workers  to  assume  that  this  is  the 
goal  of  color  photography  and  that  if  the  reproduction  were  to  meet  the 
requirement  that  every  point  of  the  final  picture  shall  match  the  cor¬ 
responding  point  of  the  object  in  chromaticitv  and  luminance,  the  pic¬ 


ture  would  look  exactly  like  the  object.  Experience  indicates  that  the 
latter  view  is  merely  an  assumption  since  in  a  particular  case  this  con¬ 
dition  is  neither  necessary  nor  sufficient  to  produce  this  result”  (ibid., 
p.  580). 

Even  apart  from  possible  lighting  or  contrast  differences,  there  is  evi¬ 
dence  to  indicate  that  the  colors  most  acceptable  in  a  photograph  differ 
colorimetrically  from  the  corresponding  colors  in  the  original  scene. 
MacAdam  (1951)  has  reported  additional  experiments  which  support 
these  same  conclusions.  Color  prints  were  made  of  several  typical 
scenes,  each  of  which  included  the  portrait  of  a  young  lady.  Variations 
in  color  balance  were  made  for  sets  of  prints  in  each  of  the  scenes.  A 
number  of  judges  were  asked  to  accept  or  reject  each  print  on  the  basis 
of  color  balance.  The  chromaticity  of  a  spot  on  the  forehead  of  the 
model  as  measured  directly  is  shown  by  the  small  open  square  in  Fig. 
4-2.  The  chromaticities  of  the  corresponding  spot  in  the  photographs 
are  shown  by  the  solid  dots.  The  chromaticity  of  the  forehead  in  the 
print  accepted  by  the  most  judges  (83  percent)  is  shown  by  the  cross 
in  the  figure,  the  broken  curve  in  h ig.  4* 2  encloses  the  probable  zone 
of  50  percent  or  greater  acceptance.  It  is  seen  that  the  chromaticity  of 
the  real  object  departs  considerably  from  that  found  most  acceptable  in 
the  photograph  and,  in  fact,  outside  of  the  50  percent  probability  zone. 
Studies  of  face  colors  in  a  number  of  portraits,  both  in  paintings  and 
m  photographs,  were  found  to  give  much  the  same  results. 

The  assumption  of  exact  colorimetric  reproduction  as  the  ideal  cor- 
respondence  relationship  between  the  photograph  and  the  subject  pho- 


i49 


ographed  is  thus  contrary  to  much  that  we  know  about  vision  and  con¬ 
trary  to  actual  experience  with  photographic  processes.  To  establish  the 
visual  equality  of  two  different  stimuli  the  stimuli  arc  presented  adja¬ 
cent  to  each  other  in  the  visual  field  of  a  colorimeter,  usually  with  no 
other  light  visible.  Colorimetric  matching  is  established  by  means  of 
computational  procedures  which  the  CIE  system,  described  in  Chapter 
II,  has  made  possible.  I  he  CIE  system  itself,  however,  is  based  upon 
visual  stimuli-matching  experiments  such  as  that  just  described.  At 
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I'lG.  4-2  Cbromaticities  of  forehead  of  original  subject  (square),  of  best  reproduc¬ 
tion  (cross),  of  reproductions  accepted  by  50  percent  or  more  judges  (solid  dots), 
and  of  reproductions  accepted  by  less  than  50  percent  of  judges  (open  circles)  (Mac- 
Adam,  1951,  p.  502). 

best,  for  any  particular  observer,  it  can  indicate  only  those  spectral  dis¬ 
tributions  of  light,  which,  under  the  limited  conditions  described,  will 
visually  match  each  other. 

Viewing  situations  in  which  photographs  are  seen  arc  exceedingly 
complex  and  do  not  resemble  those  of  a  colorimeter.  Furthermore,  the 
state  of  eye  adaptation,  the  illumination,  the  nature  of  surrounding 
colors,  and  many  other  factors  which  greatly  influence  vision,  as  dis¬ 
cussed  in  Chapter  III,  usually  differ  when  the  photograph  is  viewed 
from  those  existing  when  the  original  scene  photographed  was  viewed. 
For  these  reasons,  exact  colorimetric  matching  cannot  be  accepted  as 
the  final  criterion  for  proper  color  reproduction  in  a  photograph. 

Despite  the  obvious  inadequacies  of  exact  colorimetric  matching  as  a 
criterion  for  evaluating  the  performance  of  a  color  photographic  proc¬ 
ess,  it  may  serve  as  a  provisional  criterion  in  investigating  certain  prob¬ 
lems.  Any  theory  pertaining  to  the  control  of  the  characteristics  of  a 
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photographic  process  must  assume  a  particular  form  for  the  correspond¬ 
ence  f  Of  the  various  possible  choices,  that  of  the  identity  corre¬ 
spondence  is  probably  the  simplest.  Present  processes  are  far  from 
capable  of  giving  exact  colorimetric  reproduction,  and  the  directions  of 
alterations  necessary  to  achieve  such  results  are,  in  many  cases  at  cast, 
hkely  to  suggest  alterations  in  the  processes  which  will  improve  them. 
What  should  be  emphasized  is  that  this  choice  is  arbitrary  and  can  in 
no  sense  be  taken  as  the  final  choice  for  proper  color  reproduction.  It 
is  tentative  and  to  be  made  use  of  only  until  some  better  set  of  relation¬ 
ships  can  be  established. 


T  II  REF  BASIC  VISIT  A  I.  PROBLEMS  OF  COLOR 
R  F.  PRODUCTION  THEORY 

If  color  photographic  processes  could  be  designed  which  would  yield 
any  prescribed  colorimetric  result,  then  the  only  visual  problem  in  pho¬ 
tographic  color  reproduction  theory  would  be  that  of  determining  how 
each  area  of  the  photograph  should  be  related  colorimetrically  to  the 
corresponding  region  of  the  subject  photographed.  I  his  is  equivalent 
to  determining  the  correspondence  relationship  which  has  been  desig¬ 
nated  as  'i/. 

The  available  controls  on  actual  processes  are  limited,  however,  and 
compromises  with  respect  to  desirable  color  reproduction  characteristics 
therefore  must  be  made.  If,  as  it  should,  color  reproduction  theory  is 
to  take  into  account  the  necessity  for  these  compromises,  some  means 
of  measuring  departures  from  proper  color  reproduction  must  be  em¬ 
ployed.  Also,  the  problem  can  be  markedly  simplified  if,  instead  of 
considering  the  infinite  gamut  of  possible  colors  (including  all  their 
metamers),  primary  attention  is  limited  to  the  reproduction  character¬ 
istics  of  a  selectively  chosen  finite  number  of  colors.  Such  a  limitation 
is  also  in  keeping  with  practical  experience  with  color  photographic 
processes,  which  indicates  that  for  almost  all  observers  departures  from 
proper  reproduction  are  much  less  desirable  for  certain  colors  than  for 
others. 

These  considerations  indicate  the  existence  of  three  basic  visual  prob¬ 
lems  of  color  photographic  reproduction  theory,  which  may  be  sum¬ 
marized  in  question  form  as: 

1.  Of  the  colors  photographed,  which  are  those  of  chief  concern,  and  what  are 
their  relative  importances? 

2.  How  shall  these  colors  be  reproduced? 

x  I  low  shall  errors  from  proper  reproduction  be  measured? 
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,n  mner  ^'ThT^'T  be  amWered  in  an  entirely  satisfactory 
manner  Nevertheless,  they  may  serve  as  a  possible  set  of  focal  points 

Ill  de\  eloping  a  quantitative  theory  of  color  reproduction.  Each  is  sug¬ 
gestive  of  possible  experimental  procedures  by  which  answers  might  be 
sought  although  the  precision  of  any  set  of  results  probably,  at  best,  is 
ow.  Partial  answers,  or  at  least  indications  of  the  types  of  expected 
answers,  can  be  obtained.  Experience  with  photographic  processes,  for 
example,  indicates  that,  of  all  the  sets  of  colors  which  must  be  properly 
reproduced  in  photographs,  flesh  tones  are  the  most  important.  Achro¬ 
matic  colors  are  also  important,  as  are  those  of  familiar  objects  such  as 
red  brick,  green  grass,  and  blue  sky. 

1  lie  question  of  how  various  colors  shall  be  reproduced  is  given  some 
consideration  later  in  this  chapter.  The  mathematical  treatment  of  the 
problem  of  the  appearances  of  colors  as  seen  under  different  adaptation 
conditions,  developed  by  Judd  (1940),  is  also  pertinent.  A  detailed  de¬ 
scription  of  this  work  was  given  in  Chapter  III.  The  subject  of  color 
metrics  as  given  in  Chapter  II  pertains  to  the  question  of  measuring 
departures  from  proper  reproduction. 


The  Design  of  Photographic  Processes 

What  has  been  said  so  far  with  respect  to  photographic  color  repro¬ 
duction  is  limited  chiefly  to  theoretical  considerations  which  have  had 
little  immediate  and  direct  bearing  on  the  actual  design  of  color  photo¬ 
graphic  processes.  The  complexities  involved  in  a  complete,  or  even 
moderately  satisfactory,  theoretical  solution  to  the  visual  problems  are 
so  great  that  a  more  direct,  practical  approach  has  been  necessary.  Sys¬ 
tematic  colorimetric  comparisons  between  photographic  pictures  and 
the  original  subject  are  seldom  used.  Comparisons  are  on  a  direct  visual 
basis,  with  the  goal  of  achieving  a  result  which,  in  general,  will  be 
pleasing.  Colorimetric  tests  and  measurements  are  made,  but  these  are 
of  a  somewhat  different  nature,  as  will  be  discussed  later  in  the  chapters 
on  densitometry  and  sensitometry.  The  remaining  portions  of  this 
chapter  deal  with  visual  phenomena  which,  on  an  empirical  rather  than 
a  theoretical  basis,  seem  to  be  of  primary  importance  in  the  design  and 
control  of  photographic  processes. 


PHOTOGRAPHIC  SENSITIVITIES  AND  COLORANTS 

Since  studies  of  the  color-mixture  behavior  of  the  eye  indicate  that 
three  colors  only  are  required  for  matching  all  visible  colors,  the  color 
photographic  process  should,  and  does,  contain  three  basic  colorants 
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and  the  corresponding  recording  media  for  controlling  them. 
than  specifying  in  general  terms  that  the  emulsion  sensitivities  should 
he  separated  into  the  blue,  green,  and  red  regions  of  the  spectrum,  how¬ 
ever  studies  of  the  color-mixture  characteristics  of  the  eye  have  given 
no  quantitative  information  which,  in  practice,  has  been  useful  in  estab¬ 
lishing  the  exact  positions  and  shapes  of  the  sensitivity  distributions  o 
the  three  recording  media. 

The  colorants  used  for  subtractive  processes  arc  cyan,  magenta,  and 
yellow.  Here  again,  quantitative  studies  of  the  color-mixture  behavior 
of  the  eye  have  given  very  little  practical  aid  in  selecting  the  most  satis¬ 
factory  group  of  dyes  from  the  many  which  aie  available. 


HUE  AND  SATURATION  REPRODUCTION 

A  color  process  must  be  capable  of  reproducing  a  satisfactory  gamut 
of  colors  and,  of  course,  must  reproduce  many  selected  colors  with  the 
generally  correct  hue.  Although  no  quantitative  statements  can  be 
made  as  to  the  magnitude  of  the  permissible  hue  errors  which  may 
occur  in  the  reproduction,  it  can  be  stated  that,  if  the  reproduction  color 
is  called  by  the  same  general  hue  name,  such  as  green,  yellow,  red,  etc., 
as  the  original  subject  color,  then  the  hue  reproduction  is  generally  con¬ 
sidered  to  be  acceptable. 

Even  less  can  be  said  about  the  practical  requirements  for  the  repro¬ 
duction  of  saturation.  No  limits  can  be  set,  although,  since  most  proc¬ 
esses  give  colors  at  lower  saturations  than  the  originals,  the  more  satura¬ 
tion  the  better  is  the  result.  Usually  saturation  increases  arc  desirable, 
even  at  the  expense  of  brightness  reproduction.  Since  increasing  the 
contrast  of  a  subtractive  color  process  increases  the  saturations  of  the 
colors  in  the  reproduction,  most  processes  are  operated  at  a  higher  con¬ 
trast  than  would  normally  be  used  in  the  absence  of  the  desire  to  get 
higher  saturation.  In  the  cases  where  the  lighting  of  the  subject  is 
under  close  control  and  can  be  made  quite  flat,  especially  high  process 
contrasts  can  be,  and  are,  used. 


CONSISTENCY  PRINCIPLE 

These  considerations  lead  to  an  interesting  conclusion  which  can  be 
stated  in  the  form  of  a  qualitative  rule  but  which,  to  date,  has  not  been 
quantified.  This  rule  is  called  the  “consistency  principle"  (Evans,  1943, 
p.  600)  and  has  been  stated  in  a  number  of  different  forms.  One  way  of 
stating  it  is  to  say  that,  if  there  are  to  be  differences  between  the  colors 
of  the  subject  and  those  of  the  photograph,  the  differences  should  be 
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consistent.  This  has  been  paraphrased  to  read  that  the  reproduction  of 
all  colors  should  be  “equally  bad.” 

It  is  found  that  it  is  more  important  that  the  departures  (visually) 
from  colorimetric  reproduction  be  nearly  the  same  for  all  colors  than 
that  all  colors  be  accurately  reproduced.  It  is  particularly  displeasing  to 
have  the  reproduction  of  some  colors  far  better  than  others. 

A  more  precise  statement  of  the  consistency  principle,  however,  prob¬ 
ably  would  require  a  somewhat  different  formulation.  Colors  which  arc 
distinguishable  in  the  original  should  be  distinguishable  in  the  photo¬ 
graph  and  the  direction  of  their  difference  should  be  the  same  in  color 
space.  I  lie  separation  of  similar  colors  should  be  somewhat  the  same 
in  all  parts  of  the  color  gamut.  I  hat  is,  the  photographic  process  should 
not  widely  space  slightly  dissimilar  greens  and  show  little  difference  be¬ 
tween  slightly  dissimilar  reds. 

A  similar  rule,  not  derived  from  the  consistency  principle  but  closely 
allied  with  it,  is  of  some  interest  at  this  point.  It  may  be  stated  that  a 
photograph  must  meet  the  requirement  that  it  looks  as  the  scene  might 
have  looked.  It  must  be  consistent  with  the  viewer’s  conception  of  how 
the  original  scene  might  have  appeared,  under  the  given  circumstances, 
as  judged  from  what  the  picture  shows.  In  other  words,  the  picture 
must  appear  reasonable.  If  it  does,  it  may  depart  distinctly  from  accu¬ 
rate  reproduction  and  still  be  considered  acceptable. 

COLOR  BALANCE 

Experience  has  shown  that  one  of  the  prime  requirements  which  a 
color  process  must  fulfill  is  that  it  reproduce  a  scale  of  neutrals  approxi¬ 
mately  as  neutrals.  Gross  deviations  from  such  a  reproduction  are  sel¬ 
dom  acceptable.  If  such  deviations  occur,  the  picture  as  a  whole  will 
appear  to  have  an  overcast  of  the  predominant  color.  In  many  such 
cases,  many  of  the  colors  in  the  photograph  may  be  more  nearly  correct 
reproductions  of  the  original  color  than  would  normally  be  obtained, 
nevertheless,  the  color  photograph  as  a  whole  is  less  satisfactory.  Owing 
to  the  appearance  of  the  overcast  of  the  predominant  color  when  the 
neutral  scale  is  not  properly  reproduced,  the  characteristics  of  the  repro¬ 
duction  of  the  scale  of  neutrals  has  come  to  be  known  as  color  balance. 
For  example,  if  the  scale  of  neutrals  is  reproduced  with  too  much  ma¬ 
genta,  the  picture  as  a  whole  will  appear  to  have  a  magenta  overcast 
and  the  color  balance  is  magenta. 

Proper  gray-scale  color  balance  is  usually  the  first  requirement  which 
a  color  process  is  made  to  fulfill.  Until  this  is  established,  it  is  usually 
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not  possible  to  determine  whether  or  not  a  given  process  will  make  satis¬ 
factory  color  photographs. 

E  X  P  o  S  U  R  E  L  E  V  E  L 

As  discussed  in  earlier  chapters,  the  eye  adjusts  its  sensitivity  charac¬ 
teristics  or  adapts  to  the  intensity  and  quality  of  the  prevailing  illumina¬ 
tion.  Since  photographic  films  do  not  have  this  power  of  adaptation, 
the  existing  illumination  level  must  be  taken  into  account  in  making 
the  exposure  on  the  film.  This  is  done,  of  course,  by  adjusting  the  lens 
aperture  or  shutter  speed.  A  certain  amount  of  leeway  is  afforded  by 
the  latitude  of  the  film.  In  the  case  of  negative  films,  where  the  film 
exposed  in  the  camera  is  not  itself  used  for  viewing,  but  is  used  for  mak¬ 
ing  a  print,  a  fair  amount  of  exposure  latitude  may  be  available.  Errors 
in  exposure  level,  assuming  that  at  least  adequate  exposure  has  been 
made,  may  be  corrected  for  in  making  the  print.  In  reversal  films,  how¬ 
ever,  where  the  film  exposed  in  the  camera  is  made  into  a  positive  and 
is  itself  viewed,  such  exposure  latitude  is  not  available.  If  fairly  normal 
viewing  conditions  are  assumed,  the  general  density  of  the  reproduction 
must  be  in  the  right  range.  Thus,  reversal  films  need  not  have  sufficient 
latitude  to  allow  gross  exposure  errors,  since  the  exposure  errors  them¬ 
selves  would  render  the  photograph  unsatisfactory. 

BALANCING  FOR  THE  ILL  UM  INANT 

The  eye  adapts  to  the  color  of  the  prevailing  illumination,  as  well  as 
to  its  intensity.  A  piece  of  white  paper  viewed  in  daylight  looks  white. 
1  he  same  piece  of  paper  viewed  at  night  under  artificial  light  continues 
to  appear  white.  In  fact,  most  of  the  colored  objects  encountered  in 
nature  have  the  same  general  appearance  over  the  normally  encountered 
range  of  illuminant  colors.  The  subjects  of  adaptation  and  color  con¬ 
stancy  have  been  dealt  with  in  the  preceding  chapter. 

A  color  photographic  process,  however,  does  not  have  the  power  of 
adapting  to  the  various  illuminant  distributions.  This  must  be  taken 
into  account  in  designing  photographic  materials  or  in  using  a  given 
material.  It  was  stated  earlier  that  the  first  requirement  which  a  color 
process  must  fulfill  is  to  have  the  proper  color  balance.  That  is,  a  scale 
of  achromatic  colors  in  the  original  must  give  a  series  of  colors  in  the 
reproduction  which  are  very  nearly  achromatic.  This  criterion  is  made 
use  of  in  designing  the  process  to  take  into  account  the  color  adaptation 
of  the  eye.  I  lie  film  must  be  designed  so  that  it  will  reproduce  a  scale 
of  neutrals  when  it  is  illuminated  by  whatever  quality  light  is  used  in 
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taking  the  photograph.  A  film  for  use  in  daylight  must  reproduce  a 
scale  of  neutrals  illuminated  by  daylight.  A  film  for  use  in  tungsten 
artificial  light  must  reproduce  a  scale  of  neutrals  illuminated  by  the 
corresponding  tungsten  light.  Since  tungsten  light  is  fairly  low  in 
energy’  in  the  green  region  of  the  spectrum  and  quite  low  in  the  blue 
region,  as  compared  to  the  red  region,  the  film  must  have  corrcspond- 
ingly  high  sensitn  lties  in  the  blue  and  green  regions  of  the  spectrum. 
Adjustment  of  the  relative  speeds  of  the  red,  green,  and  blue  emulsions 
in  a  color  film  is  the  means  used  for  designing  such  a  film  for  use  with 
any  particular  illuminant. 

The  eye  covers  a  great  range  of  adaptation,  whereas  films  can  be  sup¬ 
plied  for  only  a  limited  number  of  illumination  conditions.  Daylight 
may  vary  a  great  deal  in  color  quality,  but  it  is  hardly  practical  to  have 
more  than  one  daylight-balanced  color  film.  Where  this  particular 
quality  of  illumination  does  not  occur,  the  film,  of  course,  is  not  in 
exactly  correct  balance.  The  deviations  normally  will  not  be  serious, 
however,  except  in  extremes  of  illumination,  such  as  in  the  early  morn¬ 
ing  or  late  afternoon.  Artificial-light  films  are  usually  designed  for  one 
particular  energy  distribution  of  the  illuminant,  usually  expressed  as  the 
color  temperature  of  a  black-body  radiator.  If  the  actual  source  has  a 
color  temperature  differing  by  as  much  as  100  degrees  from  that  for 
which  the  film  is  designed,  changes  sufficient  to  be  easily  recognized 
occur  in  the  finished  photograph.  Though  it  is  not  practical  to  have  a 
wide  variety  of  balances  in  color  films,  it  is  frequently  a  simple  matter 
to  change  the  effective  quality  of  the  illumination  used  with  the  film. 
This  is  accomplished  by  the  use  of  colored  filters  over  the  light  source  or 
lens.  A  number  of  slightly  colored  color-correction  filters  are  available 
for  this  purpose. 

It  might  be  argued  that,  if  we  limited  our  field  of  view  to  a  photo¬ 
graph  and  illuminated  the  photograph  in  such  a  way  as  to  give  no  hint 
of  the  quality  of  the  illumination,  our  adaptation  would  be  controlled 
in  the  same  manner  as  it  was  controlled  in  viewing  the  original  scene, 
and  the  reproduction  would  give  the  same  effect  as  the  original.  Ex¬ 
perience  indicates,  however,  that  a  color  photograph  does  not  have  the 
same  effect  on  adaptation  as  does  a  real  scene.  Even  for  a  projected 
photograph,  with  no  light  leaving  the  projector  other  than  that  through 
the  photograph,  a  single  type  of  process  would  not  satisfactorily  depict 
both  scenes  photographed  in  daylight  and  scenes  photographed  in  arti¬ 
ficial  light.  Though  it  will  be  shown  in  later  sections  that  a  fairly  large 
leewav  in  color  balance  is  acceptable  under  certain  conditions  of  dark 
room  projection,  it  still  remains  that  for  satisfactory  practical  results  the 
nature  of  the  illuminant  used  in  taking  the  picture  must  be  adequately 
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taken  into  account  in  the  design  of  the  photographic  material  us 
means  specifically  that  films  must  be  designed  to  reproduce  a  balanced 
scale  of  neutrals  in  the  particular  illumination  that  is  to  be  used  in 
making  the  photograph.  Assuming  that  this  is  done,  a  series  of  pictures 
viewed  either  in  artificial  light  or  daylight,  if  taken  on  the  proper  film 
in  daylight  or  in  artificial  light,  will  give  a  satisfactory  representation  o 
the  subjects  photographed. 

A  problem  which  cannot  be  satisfactorily  met  in  the  design  of  the 
color  balance  of  a  color  film  is  the  use  of  mixed-light  sources.  The  film 
cannot  at  the  same  time  be  balanced  for  more  than  one  llluminant. 
This  will  be  dealt  with  at  greater  length  in  later  sections  of  this  chapter. 

DYE  NEUTRAL 

A  properly  balanced  color  photograph  ordinarily  can  be  viewed  under 
a  fairly  wide  variety  of  illuminants,  including  daylight  and  artificial  light. 
Eye  adaptation  at  the  time  of  viewing  makes  this  possible.  For  this  to 
be  true,  however,  the  process  must  be  designed  so  that  the  apparent 
color  balance  does  not  change  with  the  viewing  illuminant.  If  the  neu¬ 
tral  formed  by  the  three  subtractive  dyes  in  the  process  is  highly  selec¬ 
tive,  the  appearance  of  the  neutral  and  of  other  color  combinations  may 
change  appreciably  when  the  illuminant  color  is  changed.  A  color  proc¬ 
ess  using  such  a  dye  system  must  be  viewed  under  illumination  condi¬ 
tions  which  do  not  differ  greatly  from  the  illuminant  for  which  the  dye 
neutral  combination  is  designed. 

MISCELLANEOUS  FACTORS 

A  color  photograph,  in  addition  to  being  a  representation  of  the  scene 
photographed,  is  an  object  itself.  This  fact  must  also  be  taken  into 
account  in  the  design  of  the  photographic  process.  For  example,  most 
paper  prints  are  made  with  white  or  near-white  borders.  If  the  borders 
were  black,  or  even  gray,  the  colors  in  the  photograph  would  appear 
more  saturated  and  the  white  areas  would  appear  brighter.  The  appear¬ 
ance  of  the  photograph  would  probably  be  more  nearly  like  that  of  the 
original  scene.  Yet  the  photograph  itself,  with  dark  borders,  is  less  at¬ 
tractive,  and  the  general  preference  is  for  white  or  near-white  borders 
even  though  the  photographic  quality  is  somewhat  less  satisfactory 

Similarly,  the  surface  characteristics  of  a  color  print  contribute  to  the 
general  appearance  of  the  print.  When  illuminated  and  viewed  prop¬ 
erly,  a  print  with  a  glossy  surface  will  contain  colors  of  higher  saturation 
and  brightness  than  a  print  with  a  dull  or  matte  surface.  Nevertheless, 
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many  people  prefer  tire  matte  surface,  and  often  color  photographs  arc 
made  with  such  a  surface. 

I  he  conditions  under  which  a  color  photograph  is  to  be  viewed  also 
must  be  taken  into  account  in  designing  the  process.  A  color  print,  to 
be  viewed  by  reflected  light  in  ordinary  room  or  daylight  illumination, 
must  ha\e  little  stain  and  must  reproduce  whites  at  the  highest  possible 
brightness.  A  transparency,  to  be  viewed  over  a  bright  illuminator  or 
to  be  viewed  by  projection,  may  contain  a  considerable  amount  of  stain 
without  appreciably  harmful  effects. 


Viewing  Conditions  for  the  Photograph 

In  viewing  a  color  photograph,  practically  all  the  visual  characteristics 
come  into  play.  In  some  respects,  these  allow  a  large  variety  of  accept¬ 
able  viewing  conditions  and  yet,  at  the  same  time,  place  a  number  of 
very  important  restrictions  on  the  characteristics  of  the  color  photo¬ 
graphic  processes  which  are  acceptable. 

DARK  ROOM  VIEWING 

When  color  photographs  are  viewed  in  a  darkened  room,  one  usually 
is  concerned  with  either  transparencies  over  an  illuminator  or  with  pro¬ 
jected  pictures.  A  similar  situation  exists  when  reflection  prints  are 
viewed  in  a  dark  room  with  a  spot  of  illumination  confined  to  the  color 
print.  Under  any  of  these  conditions  of  viewing,  adaptation  is  fixed 
to  a  large  extent  by  the  light  received  from  the  color  photograph.  This 
is  one  of  the  major  factors  which  has  led  to  the  large  success  of  color 
photography.  Owing  to  it,  color  processes  which  give  colors  in  the 
photograph  differing  markedly  from  those  of  the  subject  being  photo¬ 
graphed  make  entirely  satisfactory  pictures.  In  fact,  in  many  cases  the 
projected  color  photograph  is  felt  to  be  more  pleasing  than  the  original 
scene,  and,  often,  to  contain  colors  of  higher  saturation  than  existed 
in  the  original  scene. 

This  adaptation  control  allows  the  use  of  a  fairly  wide  range  of  pro¬ 
jection  illuminants,  all  the  way  from  tungsten  lights  to  arcs  approaching 
daylight  in  quality.  Of  course,  the  color  balance  of  the  process  which 
will  give  the  best  result  will  vary  slightly  for  each  of  these  illuminants, 
but  these  differences  are  insignificant  compared  with  the  differences  in 
quality  of  the  viewing  lights.  Similarly,  the  color  photograph  may  \ar\ 
in  balance  over  an  appreciable  range  without  leading  to  objectionable 
results.  If  a  series  of  pictures  with  small  progressive  variations  m  color 
balance  is  viewed  in  succession,  each  difference  will  appear  small  and  the 
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final  member  of  the  series  may  appear  entirely  satisfactory.  If  t  e  w 
extremes  are  viewed  simultaneously,  or  one  immediately  after  the  otier, 
the  observer  may  find  it  hard  to  believe  that  so  great  a  range  of  color 
balance  has  been  presented  in  the  sequence  presentation  and  will  surely 
feel  that  one  of  the  photographs  is  unsatisfactory,  or  possibly  both. 

In  viewing  a  sequence  of  scenes,  such  as  in  a  color  motion  picture, 
the  general  eye  adaptation  level  becomes  established  with  each  scene,  so 
that  for  most  pleasing  results  the  following  scene  must  be  balanced  with 
this  in  mind.  It  is  frequently  found  that  the  most  satisfactory  color  bal¬ 
ance  for  a  given  scene  is  determined  by  its  position  in  a  sequence. 

If  two  differently  balanced  color  photographs  are  projected  side  by 
side,  the  adaptation  of  the  eye  is  influenced  by  both  of  them  and  usually 
neither  one  appears  to  be  correct.  In  general,  an  observer  would  express 
a  preference  for  a  picture  balanced  about  halfway  between  the  two  pic¬ 
tures,  even  though  both  depart  from  neutral  balance  in  the  same  direc¬ 
tion. 

Owing  to  the  picture  control  of  the  brightness  adaptation  of  the  ob¬ 
server,  the  brightness  range  acceptable  in  projecting  illumination  for 
color  pictures  is  appreciable.  Also  the  acceptable  brightness  range  of 
the  picture  itself  is  appreciable.  This  allows  some  exposure  latitude  in 
the  use  of  reversal  films.  It  also  makes  it  possible  for  such  films  to  have 
appreciable  minimum  density  or  stain.  In  adapting  to  the  projected 
picture,  the  stain,  or  minimum  density,  is,  in  effect,  eliminated,  provided 
that  it  is  sufficiently  neutral.  At  the  same  time  this  adaptation  may 
tend  to  eliminate  black  from  saturated  colors  and  lead  to  a  projected 
picture  which  appears  brighter  and  more  saturated  than  the  original 
subject,  as  mentioned  above. 


DEPTH  PERCEPTION 

The  adaptation  control  in  dark  room  viewing  leads  to  a  great  deal 
of  realism  in  the  picture.  This  may  result  in  an  unusual  perception  of 
depth.  Lacking  binocular  vision,  depth  perception  is  commonly 
ascribed  to  the  phenomenon  of  perspective.  The  principles  of  optics 
show  that  single  optical  images  of  any  view  of  the  real  world  contain 
points  toward  which  all  parallel  lines  converge.  These  points  are  the 
vanishing  points  of  the  theory  of  perspective.  The  existence  of  such 
vanishing  points  in  normal  experience  is  illustrated  by  the  convergence 
of  straight  railroad  tracks  when  the  observer  stands  between  them.  It 
is  also  illustrated  in  a  large  number  of  other  types  of  visual  situations 
W  ith  the  proper  viewing  conditions,  a  photograph  is  essentially  correct 
m  geometrical  perspective.  While  this  perspective  is  a  very  important 

1 59 


contributing  factor  to  depth  perceptions  in  photographs,  it  is  by  no 
means  the  only  one.  Depth  is  not  entirely  a  matter  of  geometry  of  the 
image  but  is  more  a  matter  of  realism  of  the  scene  before  us.  Though 
many  factois  influence  the  perception  of  depth  in  a  photograph,  such 
as  arrangement  of  objects,  shadows,  and  lighting  contrast,  under  normal 
conditions  the  realism  obtained  from  the  dark  room  projection  of  a 
color  picture,  with  no  apparent  well-defined  plane  of  the  picture,  is  one 
of  the  most  important  contributing  factors  in  the  extreme  perception 
of  depth  in  projected  color  pictures. 

LIGHTNESS  CONSTANCY 

The  photographic  reproduction  of  lightness-constancy  effects  is  also 
contributed  to  by  the  realism  obtained  in  dark  projection.  A  study  of 
such  effects  is  reported  by  Evans  (1943).  He  placed  two  series  of  large 
squares  of  white,  gray,  and  black  paper  on  a  wall  where,  at  a  certain 
time  of  day,  one  series  would  be  in  shadow  and  the  other  in  sunlight. 
A  photograph  of  the  arrangement  with  a  person  included  for  reference 
is  shown  in  Fig.  4-3.  Comparisons  were  made  of  the  apparent  bright¬ 
ness  and  lightness  appearances  of  the  squares  in  the  two  series.  Photo¬ 
graphs  were  taken  of  the  wall,  including  both  series,  and  comparisons 
then  made  of  the  reproductions  of  the  squares.  Examination  of  the 
reproduction  as  photographed  by  various  techniques  led  to  the  follow¬ 
ing  conclusions:  (1)  at  least  some  lightness  constancy  was  shown  by  all 
the  photographs  however  they  were  viewed,  (2)  the  best  reproduction 
of  the  visual  effect  was  given  by  stereoscopic  color  photography.  Dis¬ 
tinctly  the  worst  reproduction  was  given  by  a  black-and-white  print  from 
a  single-lens  camera  negative.  Stereoscopic  black-and-white  reproduc¬ 
tion  was  nearly,  but  not  quite,  as  good  as  a  single-lens  color  transparency 
viewed  over  an  illuminator  in  a  dark  room.  Other  experiments  made 
on  other  types  of  subjects  gave  the  same  general  results. 

DARK  ROOM  VIEWING  WITH  ILLUMINATED 
SURROUND 

Many  attempts  have  been  made  to  improve  the  photographic  quality 
of  projected  color  pictures  by  illuminating  a  border  around  them.  With 
a  given  border-illumination  level  which  is  somewhat  less  intense  than 
the  direct  projector  illumination,  improved  photographic  quality  might 
be  considered  achieved.  The  blacks  in  the  picture  appear  blacker. 
Higher  contrast  and  a  greater  apparent  density  range  are  obtained. 
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Most  of  the  advantages  of  dark  room  protection  wh.ch have  beer ,  dis 
cussed  in  the  previous  paragraphs,  however  are  now  lost  _  The  p 
graph  itself  does  not  entirely  control  the  adaptation  conditions  of  the 
eye,  but  the  surround  plays  an  important  part  in  tins  contro  .  y 


Fig.  4-3  Photograph  of  a  scene  with  marked  lighting  contrast.  Lightness  constancy 
is  less  evident  than  it  was  in  the  scene  itself  (Evans,  1943,  p.  585). 


deviations  from  proper  color  balance  in  the  picture  are  immediately 
noticeable,  and  do  not  disappear  with  continued  viewing.  There  is  no 
longer  the  feeling  that  the  color  photograph  is  brighter  and  more  highly 
saturated  than  the  original  scene.  The  extreme  feeling  of  realism  so  fre¬ 
quently  encountered  in  the  dark  room  projection  of  color  transparencies 
is  gone,  and  one  is  apt  to  get  the  impression  that  he  is  looking  at  a  pic¬ 
ture  in  an  album.  The  picture  appears  to  be  more  nearly  localized  in 
space,  and  a  great  deal  of  the  perception  of  depth  disappears. 
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Needless  to  say,  this  type  of  projection  is  not  usually  intentionally 
sought.  However,  in  many  cases  where  the  projected  picture  does  not 
entirely  fill  the  screen  and  where  a  fair  amount  of  stray  light  is  present 
in  the  room,  as  so  frequently  occurs  in  the  home  projection  of  slides 
or  16-mm  motion-picture  films,  conditions  approaching  the  illuminated 
surround  are  obtained,  and  the  pictures  lose  a  great  deal  of  their  realism. 

VIEWING  IN  A  LIGHTED  ROOM 

Color  photographs  may  be  viewed  in  a  lighted  room,  either  as  posi¬ 
tive  transparencies  over  an  illuminator  or  as  reflection  prints.  In  the 
former  case,  the  illuminator  will  usually  be  brighter  than  the  surround¬ 
ing  objects  and  will  have  a  fair  degree  of  control  of  the  state  of  adapta¬ 
tion  of  the  eye.  At  one  extreme,  the  illuminator  may  be  so  bright  that 
the  conditions  governing  the  appearance  of  a  positive  transparency 
viewed  over  it  may  be  essentially  the  same  as  those  occurring  in  dark 
joom  viewing.  At  the  other  extreme,  the  illuminator  intensity  may  be 
equal  to  or  less  than  that  of  a  white  object  in  the  room.  Under  this 
condition  of  viewing,  visual  phenomena  which  apply  are  essentially  the 
same  as  those  which  hold  in  viewing  a  print. 

VIEWING  A  COLOR  PRINT 

In  viewing  a  color  print  in  normal  room  illumination,  the  print  is 
usually  not  brighter  than  other  objects  in  the  room.  In  fact,  it  is  gen¬ 
erally  only  one  of  the  objects  in  the  general  field  of  view  and  therefore 
has  little  more  effect  on  the  adaptation  conditions  of  the  eye  than  do 
other  near-by  objects.  For  this  reason,  the  numerous  deficiencies  of 
the  color  print  will  be  apparent,  and  the  color  process  is  strained  to  the 
utmost  to  give  a  satisfactory  result. 

The  print  is  an  object  with  a  certain  density  range;  the  minimum 
density  is  set  by  the  stain  level  of  the  print  process,  and  the  maximum 
density  by  the  surface  reflections  of  the  paper.  The  print  has  surface 
characteristics  which  are  immediately  obvious.  It  may  or  may  not  have 
a  border.  Within  this  object  is  a  representation  of  the  scene  photo¬ 
graphed.  For  this  photograph  to  be  considered  acceptable,  the  repre¬ 
sentation  must  be  considered  acceptable,  and  the  characteristics  of  the 
photograph  as  an  object  must  at  least  not  be  displeasing.  For  example, 
it  was  mentioned  earlier  that  black  borders  on  a  print,  though  they  lead 
to  an  apparent  improvement  in  photographic  quality,  result  in  an  over¬ 
all  objectionable  impression  of  the  photograph  as  an  object,  and  there¬ 
fore  cannot  be  used. 
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In  viewing  a  print  an  observer  is  extremely  critical  of  color  balance. 
Since  it  is  seen  in  relation  to  other  objects  in  the  field  of  view,  exceed¬ 
ingly  small  errors  in  color  balance  are  perceptible  and  often  ob]ectio  - 
able.  Even  though  a  number  of  the  objects  in  the  photograph  may  be 
improved  with  regard  to  their  exact  reproduction  by  having  the  photo- 
graph  off  balance,  an  off-balance  print  usually  looks  as  if  it  has  an  over¬ 
cast  of  one  color  and  this  often  leads  to  an  undesirable  observer  reaction. 
It  should  be  noted,  however,  that  in  special  instances  it  may  be  desir¬ 
able  to  make  a  print  which  is  decidedly  off  balance.  Artists  often  ob¬ 
tain  special  effects  in  paintings  by  making  them  of  one  predominant  hue. 

If  two  prints  are  presented  to  an  observer,  his  reaction  is  not  that 
the  proper  balance  is  essentially  halfway  between,  as  is  the  case  for  dark 
room  projection,  but  he  will  evaluate  each  m  a  more  nearl\  absolute 
manner. 

The  color  print  must  reproduce  a  white  object  at  a  fairly  high  bright¬ 
ness  level.  If  the  print  contains  stain,  or  a  high  minimum  density,  this 
is  immediately  apparent  to  the  observer  in  that  the  print  will  appear 
dark  and  muddy. 

The  degree  of  perfection  in  color  reproduction  which  is  necessary  in 
a  satisfactory  paper  print  process  cannot  now  be  stated.  'The  processes 
which  are  now  in  use  fall  far  short  of  giving  perfect  color  reproduction, 
and  they  differ  amongst  themselves.  Yet  within  the  range  of  the  pres¬ 
ent  quality  of  color  reproduction  it  is  likely  that  a  process  stands  or 
falls  on  its  stain-level  and  color-balance  characteristics.  There  can  be  no 
doubt  that,  if  one  started  with  the  perfect  paper  print  process,  whatever 
that  might  be,  and  varied  from  this  in  the  direction  of  (1)  color-repro¬ 
duction  deviations,  (2)  stain  increase,  and  (3)  color-balance  deviations, 
one  could  move  a  long  way  in  item  1  without  losing  a  high  degree  of 
acceptability,  but  relatively  minor  increases  in  items  2  and  3  would 
immediately  lead  to  unsatisfactory  results.  The  major  problems  en¬ 
countered  by  the  print  manufacturers  are  the  control  of  stain  and  color 
balance. 


It  might  be  well  to  point  out  here  that  all  that  has  been  said  above 
refers  to  the  mythical  “average”  subject.  Exceptions  can  be  found  to 
nearly  every  statement,  if  a  single  picture  subject  is  considered.  It  is 
possible  to  find  individual  subjects  in  which  color  balance  can  be  varied 
by  relatively  enormous  amounts  without  impairing  the  result.  Also,  if 
there  are  no  near-whites  in  a  picture,  stain  may  not  be  important.  Appli¬ 
cation  of  the  general  statements  to  a  particular  picture  must  be  made 
with  caution. 
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I  aking  the  Photograph 

Oftentimes  when  a  photographer  views  an  interesting  scene  he  sets 
his  camera  exposure  controls,  “shoots”  the  picture,  and  expects  the 
film  to  give  him  an  equally  interesting  photograph.  In  many  of  these 
cases,  highly  satisfactory  pictures  are  obtained,  though  they  cannot 
always  be  expected.  The  photographer  has  important  contributions  to 
make  in  the  sequence  of  operations  required  for  a  good  photograph,  and 
his  failure  to  fulfill  his  role  cannot  be  entirely  compensated  for  by  the 
photographic  process.  One  of  the  marks  of  the  good  photographer  is 
his  awareness  of  the  factors  which  he  has  and  must  have  at  his  disposal 
to  fulfill  properly  his  link  in  the  required  chain  of  events.  The  minimum 
necessary  in  the  case  of  color  photography  is  that  the  light  illuminating 
the  subject  be  proper  for  the  color  balance  of  the  film  which  is  being 
used,  and  that  the  amount  of  exposure  which  is  given  the  film  be  in  the 
proper  range  specified  by  the  speed  and  latitude  of  the  film.  Since  by 
visual  observation  alone  the  photographer  can  only  roughly  estimate 
either  the  color  quality  or  the  intensity  of  the  illumination,  he  must 
be  able  to  supplement  his  observations  by  means  of  experience,  the  use 
of  meters,  or  the  directions  given  by  the  manufacturers.  In  addition  to 
proper  exposures  and  proper  selection  of  film  or  lighting  for  color  bal¬ 
ance,  the  photographer  has  many  other  controls  at  his  disposal.  Most 
of  these  may  be  grouped  into  two  general  categories:  lighting,  and  the 
arrangement  of  the  objects  photographed. 

LIGHTING 

A  photograph  usually  has  much  less  effect  on  the  state  of  adaptation 
of  the  observer  and  shows  constancy  effects  to  a  lesser  degree  than  is 
normally  the  case  for  the  scene  photographed.  These  facts  should  be 
taken  into  account  when  the  photographer  considers  his  lighting.  Light¬ 
ing  which  appears  to  be  correct  for  best  viewing  of  a  scene  is  often  not 
satisfactorv  for  photographing  the  same  scene.  I  his  is  a  basic  visual 
problem,  the  error  coming  in  the  perception  of  the  relative  illuminations 
involved.  It  is  not  that  the  reproduction  is  incorrect,  but  that  it  looks 
wrong. 

INDOOR  LIGHTING 

An  illustration  of  the  effect  is  given  in  an  experiment  described  by 
Evans  and  Klute  (1944).  The  subject  was  a  bust  in  plaster  of  Paris, 
uniformly  colored  in  light  ivory,  placed  some  distance  in  front  of  a 
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figured  background.  Hie  scene  appeared  most  pleasing  with  proper 
modeling,  shadows,  and  depth  with  the  lighting  arrangement  shown 
m  (a)  of  hig.  4-4.  The  resulting  photograph  is  given  in  (b)  of  this 
figure.  It  is  evident  that  the  background  appears  insufficiently  lighted 
and  that  the  side  of  the  subject  lighted  by  the  more  distant  photoflood 
is  much  too  dark  compared  to  the  other  side.  Following  a  series  of 
trials,  the  lighting  arrangement  illustrated  in  (a)  of  Fig.  4-5  was  arrived 
at.  This  gave  a  photograph  illustrated  in  ( b )  of  Fig.  4-5,  which  looked 
most  like  the  original  scene  when  it  had  illumination  as  shown  in  (a) 
of  Fig.  4-4.  Extra  lighting  has  been  given  the  background,  and  the 
gradient  across  the  subject  has  been  reduced  both  by  adjusting  the  dis¬ 
tance  of  the  two  side  lights  and  by  the  addition  of  a  light  next  to  the 
camera. 

When  the  contrast  of  the  reproduction  was  decreased  to  such  an 
extent  that  the  modeling  in  the  figure  appeared  satisfactory,  the  repro¬ 
duction  of  the  background  was  entirely  unsatisfactory,  being  much  too 
flat.  This  shows  that  a  mere  change  in  the  contrast  of  the  reproduction 
process  does  not  correct  for  the  brightness-constancy  failure  in  the  re¬ 
production. 

Evans  and  Klute  summarized  part  of  their  findings  as  follows:  “An 
experimental  study  of  the  problem  of  photographing  a  simple  scene 
showing  the  ‘brightness  constancy’  phenomenon  supports  the  following 
statements:  (1)  All  objects  in  the  picture  whose  illumination  is  not 
visibly  related  to  that  of  the  main  object  must  be  lighted  to  nearly*  the 
same  illuminance  as  the  main  object.  (2)  The  illuminance  in  shadowed 
portions  of  the  main  object  must  be  greatly  increased.  (3)  The  grada¬ 
tion  of  illuminance  from  the  main  source  of  light  must  be  decreased 
by  auxiliary  lighting.  (4)  Distortion  of  the  tone  reproduction  scale  can¬ 
not,  in  the  general  case,  compensate  for  loss  in  the  brightness  constancy 
effects  •••”  (ibid.,  pp.  539-540). 

When  objects  are  viewed  in  nonuniform  illumination,  the  observer, 
owing  to  lightness  constancy  effects,  tends  to  recognize  the  object  re¬ 
flectances,  rather  than  their  luminances.  Such  objects  appear  much 
more  as  they  would  appear  in  perfectly  uniform  illumination,  and  shad¬ 
ows  appear  much  less  dark  than  their  luminances  would  indicate  that 
they  should.  When  the  observer  looks  at  a  photographic  reproduction 
of  a  nonuniformly  lighted  scene,  the  effects  which  before  led  him  to 
see  reflectances  rather  than  luminances  now  work  against  the  proper 
perception.  The  reflectances  in  the  print  are  proportional  to  the  lumi¬ 
nances  of  the  subject,  not  their  reflectances,  and  what  he  sees  are  these 
reflectances,  just  as  he  saw  the  reflectances  of  the  original  objects.  Ac¬ 
cordingly,  there  is  a  severe  loss  of  lightness  constancy.  The  fact  that 
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Pig.  4-5  (a)  Lighting  arrangement  and  (b)  resulting  photograph  when  the  lighting 
was  designed  to  give  a  photograph  which  looked  most  like  the  scene  as  lighted  in 
Pig.  4-4  (Evans  and  Klute,  1944,  pp.  537  and  538) 


relatively  flat  lighting  of  a  scene  is  necessary  is  frequently  thought  of  as 
being  due  to  the  reproduction  contrast  of  the  photographic  process, 
which  is  almost  always  greater  than  unity.  It  is  true  that  color  processes 
usually  have  higher  contrasts  than  black-and-white  processes,  and  for 
this  reason  they  may  require  slightly  flatter  lighting  than  for  black-and- 
white.  Nevertheless,  this  high  contrast  is  not  the  cause  of  brightness- 
constancy  failure  in  the  reproduction,  and  it  contributes  only  in  a  minor 
way  to  the  requirement  for  flat  lighting. 

OUTDOOR  LIGHTING 

Little  can  be  done  to  change  the  lighting  contrast  of  a  distant  land¬ 
scape,  and  the  art  involved  in  this  case  is  the  selection  of  the  proper  day 
and  proper  time  of  day  to  produce  the  desired  effect.  In  close-up,  out- 
of-doors  photography,  the  photographer  has  recourse  to  reflectors  or 
flash  bulbs.  The  latter  are  becoming  more  and  more  extensively  used 
for  this  type  of  work.  T  hose  not  directly  concerned  seldom  realize  the 
extent  to  which  reflectors,  and  even  booster  arc  lights,  are  used  in 
motion-picture  photography.  No  competent  cameraman  would  run  a 
test  shot  of  any  kind  without  the  use  of  a  reflector,  or  its  equivalent,  to 
light  the  shadow  side  of  important  near-by  objects.  In  addition  to  add¬ 
ing  light  to  the  shadows  a  large  sheet  of  gauze,  called  a  “scrim,"  is 
frequently  used  to  decrease  the  intensity  of  the  sun.  When  this  is 
properly  done,  of  course,  the  final  result  is  in  appearance  so  like  the 
way  in  which  objects  appear  visually  in  sunlight  that  most  people  do 
not  realize  that  any  change  has  been  made  in  the  lighting. 

A  consequence  of  lightness  constancy  which  is  sometimes  amusing  is 
encountered  in  the  problem  of  photographing  the  results  of  road  or  in¬ 
terior  illumination  installations.  In  order  for  the  photograph  to  depict 
properly  the  uniformity  of  the  illumination  in  large  areas,  such  as  roads 
or  factories,  it  is  always  necessary  to  use  booster  lights  in  the  shadows 
when  the  exposure  is  made.  As  can  be  imagined,  the  illuminating  engi¬ 
neers  who  make  the  lighting  installations  usually  object  to  such  a  pio- 

cedure. 

SUNLIGHT  ILLUMINATION 

The  characteristics  of  various  types  of  light  sources  vary  widely,  and 
this  must  be  taken  into  account  in  their  use.  I(or  example,  sunlight 
gives  fairly  uniform  illumination  over  large  areas.  It  also  gives  a  shadow 
whose  edge  is  not  sharp,  but  which  falls  off  in  a  characteristic  fashion. 

168 


The  size  of  a  shadow  and  its  distribution  with  respect  to  the  object  indi¬ 
cate  both  the  distance  and  the  position  of  the  light  source.  No  single 
light  source  except  the  sun  will  illuminate  more  than  a  small  object  so 
that  in  every  respect  the  appearance  is  like  that  in  sunlight.  1  he  only 
way  in  which  effects  corresponding  to  sunlight  may  be  obtained  is 
through  the  use  of  many  light  sources,  each  properly  illuminating  its 
particular  area.  The  net  effect  may  then  be  to  give  shadows,  which  in 
position,  size,  and  edge  gradient  are  similar  to  those  which  would  be 
obtained  in  sunlight. 

The  arrangement  of  the  lighting  so  that  its  nature  is  apparent  is  quite 
important.  Usually  it  is  neither  possible  nor  necessary  to  include  the 
light  source  in  the  photograph.  Its  location  will  be  apparent  if  its 
shadows  appear  as  shadows,  not  just  dark  areas.  The  lightness-constancy 
phenomena  which  occur  during  the  viewing  of  the  subject  then  will  be 
more  closely  approached  in  the  photograph.  In  other  words,  the  ar¬ 
rangement  should  be  that  which  gives  the  most  information  and  realism 
in  the  photographic  reproduction.  As  a  matter  of  fact,  the  degree  of 
lightness-constancy  effect  produced  by  a  photograph  is  almost  entirely 
dependent  on  the  extent  to  which  the  observer  is  aware  of  the  light 
source  used.  To  the  extent  that  he  perceives  the  illumination  as  sepa¬ 
rate  from  the  objects,  he  will  tend  to  see  the  reflectances  of  the  original 
objects  rather  than  the  reflectances  of  the  corresponding  areas  in  the 
photograph. 


LUMINANCES  HIGHER  THAN  THAT  OF  A  WHITE 

In  many  pictures  an  attempt  is  made  to  photograph  a  subject  con¬ 
taining  a  luminance  higher  than  that  of  a  white  in  the  same  scene. 
Examples  include  a  fire  burning  in  a  fireplace,  a  lighted  lamp,  sunlight 
shining  through  trees,  or  sunlight  shining  on  a  white  flower  from  the 
side.  In  such  cases  it  is  not  only  necessary  that  the  observer  see  these 
as  brighter  than  the  white  but  also  that  he  see  the  white  surface  as 
white.  In  reflection  prints  this  is  seldom  successfully  achieved.  No 
brightness  in  such  a  print  can  be  higher  than  that  of  the  white  border 
and  this  is  accepted  as  the  standard  for  white  surfaces.  The  result  is 
usually  to  make  the  white  surface  look  gray  and  the  higher  brightness 
not  very  bright.  In  transparencies  projected  in  a  darkened  room,  how¬ 
ever,  there  is  no  reference  white  surface  visible  and  brightnesses  higher 
lan  white  are  not  only  possible  but  one  of  the  most  delightful  effects 

of  tins  medium.  Prints  from  transparencies  whose  beauty  is  due  to  this 
effect  are  almost  invariably  disappointing. 
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OBJECT  ARRANGEMENT 


In  addition  to  being  able  to  control  the  light  sources,  the  photog¬ 
rapher  frequently  can  arrange  his  objects.  This  may  be  done  in  order 
to  achieve  some  specific  perceptual  effect  in  reproduction  or  merely  to 
make  the  best  use  of  the  lighting  conditions  which  exist. 


DEPTH  PERCEPTION 

The  perception  of  depth  in  the  photograph  is  one  of  the  effects  which 
is  greatly  influenced  by  the  arrangement  of  the  objects,  particularly 
when  the  lighting  and  the  accompanying  shadows  are  suitably  adjusted 
to  emphasize  the  same  effect.  In  general,  for  fixed  distances  from  the 
camera  to  the  nearest  and  to  the  most  distant  objects  in  the  scene,  the 
distance  from  the  nearest  to  the  most  distant  objects  will  tend  to 
appear  greater  if:  (a)  the  largest  objects  are  placed  in  front  and  the 
smallest  at  the  rear;  (b)  the  objects  are  spread  out  across  the  front  and 
converge  toward  a  point  at  the  rear;  (c)  there  is  a  bluish  haze  interposed 
between  the  camera  and  the  most  distant  object;  (d)  the  rear  objects  arc 
less  sharply  focused  than  the  front  ones;  (e)  the  foreground  objects  are 
more  highly  lighted  and  the  lighting  falls  off  gradually  toward  the  rear; 
(/)  the  foreground  subjects  are  silhouetted  against  the  ones  behind  them 
which  are  uniformly  illuminated;  (g)  contrasty  lighting  with  well-defined 
shadows  is  used  rather  than  diffuse  illumination;  and  ( h )  lines  run 
through  the  set  and  converge  to  a  point  at  the  rear. 

LIGHTNESS  CONSTANCY 

Under  a  given  set  of  lighting  conditions  the  arrangement  of  the  ob¬ 
jects  may  make  all  the  difference  between  satisfactory  and  unsatisfactory 
photographs.  For  example,  in  brilliant  sunshine  a  person  photographed 
with  the  sun  at  his  back  or  side  would  be  reproduced  with  strong  shad¬ 
ows  across  the  face.  Owing  to  lightness-constancy  failure,  the  shadows 
in  the  photograph  would  be  much  deeper  than  they  appeared  when  the 
picture  was  taken.  A  more  satisfactory  result  would  be  obtained  if  the 
face  of  the  person  were  fully  in  the  sunlight.  However,  by  means  of 
auxiliary  illumination,  such  as  a  reflector  or  a  flash  bulb,  excellent  photo¬ 
graphs  can  be  obtained  with  back  or  side  sun  lighting. 
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MIXED  LIGHTING 


Unintentional  sources  of  illumination,  such  as  reflections  from  near-  y 
objects,  may  have  a  large  influence  on  the  appearance  of  the  photograph. 
A  person  photographed  next  to  a  red  brick  wall  may  receive  a  consider¬ 
able  amount  of  red  illumination  from  this  wall.  It  may  not  be  apparent 
at  the  time,  but  the  color  photograph  will  show  the  effects  of  the  led 
illumination.  If  the  brick  wall  itself  is  not  in  the  photograph,  the 
person’s  face  does  not  appear  to  be  illuminated  by  red  light;  rather  the 
face  itself  appears  to  be  too  red.  However,  if  the  angle  at  which  the 
photograph  is  taken  (or  the  arrangement  of  the  objects)  is  such  that  the 
red  brick  wall  is  included  in  the  photograph,  it  may  appear  entirely 
logical  that  the  person’s  face  be  red  from  the  wall  reflections,  and  the 
result  will  be  satisfactory.  In  fact,  the  face  may  not  appear  red,  even  if 
it  is  reproduced  in  the  same  manner  as  it  would  be  with  the  brick  wall 
not  in  the  photograph.  The  interpretation  will  be  based  on  one’s  experi¬ 
ence  and  training,  and  the  fitting  together  of  the  entire  story  that  the 
stimulus  may  tell.  If  there  is  insufficient  information  in  the  total 
stimulus,  the  wrong  conclusions  may  be  reached.  For  the  photograph 
to  give  the  result  intended  it  must  present  to  the  observer  the  important 
parts  of  all  the  stimuli  necessary  for  him  to  draw  the  proper  conclusions. 

The  art  of  the  professional  photographer  lies  in  seeing  the  subject, 
not  as  it  would  be  seen  by  the  layman  at  the  time,  but  as  he  will  see  it 
in  the  photograph  after  it  is  made. 

One  problem  arising  from  mixed  colors  of  lighting  cannot  be  solved; 
that  is,  the  blue  appearance  of  shadows,  particularly  on  snow,  in  photo¬ 
graphs  taken  on  bright  sunny  days  with  clear  skies.  When  viewing  a 
sun-lighted  snow  scene  a  person  is  seldom  aware  that  the  shadows  on 
the  snow  are  distinctly  blue.  It  is  merely  a  shadow  and  the  snow 
appears  to  be  of  the  same  color  in  the  shadow  as  it  is  in  the  sunlight. 
Actually,  a  careful  observer  may  notice  that  the  snow  in  the  sunlight 
appears  slightly  yellowish,  but  seldom  realizes  that  the  illumination 
reaching  his  eyes  from  the  snow  in  the  shadow  may  be  just  as  blue  as  the 
sky  itself.  In  a  color  photograph,  which  reproduces  this  difference,  the 
shadows  appear  quite  blue. 

Priest  (1926)  has  reported  a  similar  phenomenon.  A  roadway  passing 
near  his  laboratory  had  snow-covered  bankings.  The  bankings  faced 
north  and  were  illuminated  by  blue  sky,  whereas  the  rest  of  the  snow 
was  lighted  by  the  sun.  When  the  observer  thought  of  the  sky-lighted 
snow  as  water  it  was  seen  as  blue.  Thinking  of  it  as  snow  covering  the 
banking,  it  changed  perceptually  to  gray. 
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Color  Photography  as  a  Science  and  as  an  Art 

We  have  seen  that  there  is  no  absolute  standard  expressible  in  physi¬ 
cal  terms  by  which  color  photographs  may  be  judged.  Standards  may 
be  developed  for  particular  situations  or  for  averages  of  certain  types  of 
situations,  but  they  will  depend  to  a  large  extent  upon  the  objectives  in 
securing  the  photograph. 

The  number  of  factors  involved  in  a  complete  discussion  of  the  ob¬ 
jectives  in  taking  a  picture  is  so  great  that  no  attempt  can  be  made  to 
enumerate  and  describe  them  completely.  Involved,  of  course,  will  be 
the  particular  photographer,  whether  amateur,  commercial,  or  profes¬ 
sional.  Much  will  also  depend  upon  whether  his  intent  is  primarily  to 
record  a  scene  as  he  or  someone  else  has  seen  it,  to  obtain  a  representa¬ 
tion  of  a  series  of  objects,  to  obtain  a  scene  which  characterizes  par¬ 
ticular  aspects  of  a  situation,  or  whether  his  interest  is  solely  in  securing 
a  work  of  art.  A  work  of  art  may,  of  course,  be  distinguished  primarily 
by  its  surface  representation  of  combinations  of  colors  or  by  its  presen¬ 
tations  of  subject  matter  within  the  photograph. 

Regardless  of  which  combinations  of  these  varieties  of  factors  are  in¬ 
volved,  it  is  evident  that  both  the  nature  of  the  photographic  process 
and  the  skill  of  the  photographer  are  important  factors  in  the  success 
of  the  photograph.  Photographic  materials  can  be  designed  to  give 
particular  types  of  reproductions  and  to  provide  for  a  high  degree  of 
flexibility  as  a  tool  in  the  hands  of  the  photographer.  The  photog¬ 
rapher  himself  must  provide  the  skill  for  converting  this  material  by 
means  of  a  given  scene  into  a  photograph.  1  his  skill  is  necessary  even 
though  the  only  objective  is  to  reproduce  the  appearance  of  the  original 
scene.  Special  lighting  and  special  selection  of  the  angle  of  view  of 
the  camera  are  always  factors  to  be  taken  into  account.  For  other  types 
of  photographs,  such  as  representations,  characterizations,  and  artistic 
representations,  there  is  no  limit  to  the  variety  of  possibilities. 
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Response  of 

Photographic  PAaterials 

CHAPTER  V 


PHOTOGRAPHIC  processes  are  possible  because  of  the  response 
characteristics  of  light-sensitive  materials.  The  present  chapter 
deals  with  these  characteristics  and  the  methods  used  in  describing  them. 

The  Photographic  Emulsion 

The  light-sensitive  elements  of  most  photographic  processes  are  tiny 
crystals  of  silver  halide  dispersed  in  a  gelatin  carrier.  This  combination, 
commonly  called  the  photographic  emulsion,  is  coated  on  a  support 
such  as  cellulose  acetate,  glass,  or  paper.  The  properties  of  the  gelatin 
and  of  the  silver  halide  crystals  are  the  important  factors  in  establishing 
the  characteristics  of  the  photographic  material. 

TIIE  HOLE  O  F  C,  E  L  A  T  I  N 

Gelatin  plays  an  important  part  in  both  the  manufacture  and  use  of 
the  photographic  emulsion.  The  gelatin  is  present  in  solution  at  the 
time  the  silver  halide  crystals  are  precipitated.  Here  it  acts  as  a  pro¬ 
tective  colloid,  allowing  each  crystal  to  form  separately,  thus  preventing 
the  growth  or  formation  of  aggregates.  This  protective  function  con¬ 
tinues  through  the  remainder  of  the  manufacturing  process  and  through 
the  development  process.  It  allows  each  grain  to  be  acted  on  indi¬ 
vidually  by  the  developer;  the  grain  is  developed  or  not  developed  ac¬ 
cording  to  its  own  degree  of  exposure. 


Gelatin  contains  certain  chemical  materials  which  sensitize  the  silver 
halide  grains.  Dining  the  manufacture  of  the  emulsion  the  grains  react 
with  this  material  to  form  sensitivity  specks  (Mees,  1942,  pp.  144-164). 
Silver  sulfide  is  one  of  the  major  constituents  of  such  specks.  The 
presence  of  the  specks  greatly  increases  the  emulsion  speech  No  other 
medium  has  been  found  which  can  replace  gelatin  in  making  high-speed 
photographic  emulsions.  1  he  gelatin  also  contains  desensitizing  ma¬ 
terials,  fogging  materials,  and  antifogging  materials  so  that  the  selection 
of  gelatin  and  its  use  in  the  manufacture  of  photographic  emulsions  is 
indeed  an  art. 

By  virtue  of  the  properties  of  gelatin,  the  emulsion  is  set  to  a  firm 
jelly  during  the  coating  operation  and  then  partially  dried.  The  gelatin 
swells  in  the  developing  solutions,  making  it  possible  for  the  developing 
and  fixing  chemicals  to  penetrate  freely  through  the  emulsion. 


SILVER  HALIDE  GRAINS 


Silver  halide  grains  are  precipitated  in  photographic  emulsions  by 
adding  silver  nitrate  to  a  mixture  of  potassium  bromide,  or  other  halide 


0.4  0.8  1.2  Diam.  in/i 


Mean  class  size 

Fic  5-1  Size-frequency  distributions  of  the  grains  in  a  series  of  emulsions  made 
by  mixing  identical  chemical  solutions  at  different  rates  of  speed.  The  times  of  pre¬ 
cipitation  were:  (a)  31  sec;  (b)  -1  min,  22  sec;  (c)  10  mm,  12  sec;  (d)  19  mm  >0  sec; 
(e)  42  min,  40  sec;  ( f )  54  min,  1  5  sec;  (g)  85  min,  10  sec  ( I  nvelli  and  Smith,  19.9, 

p.  331). 
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salts  and  gelatin.  An  excess  of  halide  is  maintained  at  all  times;  other¬ 
wise’ the  grains  tend  to  fog,  i.e.,  the  unexposed  grains  will  be  reduced 
when  later  placed  in  the  developer.  After  precipitation,  the  grams  arc 
ripened  by  being  heated  for  a  while  in  the  presence  of  the  excess  halide 
or  of  additional  silver  halide  solvents.  This  allows  the  grains  to  increase 


l  ie.  5-2  Photomicrograph  of  silver  halide  grains  in  a  negative  photographic  emul¬ 
sion;  about  X2,500  (Mees,  1942,  p.  9). 

in  size,  the  large  ones  at  the  expense  of  the  small  ones.  Grain  growth 
also  takes  place  during  the  earlier  precipitation  stage  so  that  the  rate 
of  piccipitation  and  the  conditions  during  the  ripening  process  deter¬ 
mine  the  size  distribution  of  the  halide  grains.  This  distribution,  which 
ma\  be  determined  by  actually  examining  a  sample  emulsion  under  the 
microscope,  controls  several  important  properties  of  the  photographic 
emulsion.  The  size-frequency  distributions  of  the  grains  in  a  series  of 
emulsions  made  from  identical  chemical  solutions  mixed  at  different 
rates  of  speed  are  shown  in  Fig.  5-1. 

The  photographic  speed  of  an  emulsion  increases  with  increasing 
grain  size.  High-speed  negative  type  emulsions  used  in  cameras  there 
fore  have  fairly  large  grains,  as  shown  in  Fig.  5-2.  These  grains  are 
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predominantly  silver  bromide  but  contain  small  amounts  of  silver  iodide. 
I  he  presence  of  the  iodide  allows  the  grains  to  be  made  more  sensitive 
without  a  tendency  to  develop  fog.  The  importance  of  the  iodide  far 
exceeds  that  which  might  be  inferred  from  its  relative  concentration. 

hor  other  uses,  such  as  printing  films  or  papers  where  characteristics 
other  than  the  maximum  in  speed  are  required,  mixtures  of  silver  chlo¬ 
ride  and  bromide,  giving  crystals  of  the  chlorobromide,  or  even  pure 
silver  chloride  may  be  used.  The  latter  is  used  frequently  in  photo¬ 
graphic  paper  emulsions. 

The  grains  may  be  flat  triangles  or  hexagons  or  of  needle  shape.  If 
small  they  may  be  nearly  spherical  and  some  of  them  may  be  practi¬ 
cally  cubical.  These  various  structures  occur  in  different  emulsions 
made  for  different  specific  uses. 

Some  of  the  gelatin  and  its  constituents  are  absorbed  within  the 
crystals  during  their  growth.  Gelatin  is  also  strongly  adsorbed  to  the 
grain  surfaces.  Both  the  absorption  and  adsorption  play  important 
parts  in  the  process  of  development  in  which  the  exposed  grains  are 
reduced. 


The  Latent  Image  and  Its  Development 

Silver  halide  emulsions  are  useful  in  photography  because  they  can  be 
affected  by  relatively  small  amounts  of  light  to  form  a  “latent  image.” 
The  latent  image  cannot  be  seen  but  can  be  developed  (by  a  suitable 
reducing  agent)  to  give  a  visible,  useful  image.  This  development  proc¬ 
ess  multiplies  the  chemical  decomposition  started  by  the  light  exposure 
by  a  factor  which  may  be  as  high  as  about  10s  (James,  1946b,  p.  595). 
It  is  this  huge  multiplicative  factor  which  gives  highly  sensitive  photo¬ 
graphic  materials. 


LATENT-IMAGE  FORMATION 

The  change  taking  place  within  a  grain  when  it  is  exposed  to  light 
is  so  minute  that  direct  investigation  of  it  is  as  yet  impossible.  1  he 
change  can  be  detected  only  by  placing  the  film  in  a  developer  to  pro¬ 
duce  an  image.  However,  continued  studies  of  photographic  materials 
exposed  and  developed  under  a  wide  variety  of  conditions  have  led  to 
fairly  well-founded  theories  of  the  latent-image  formation  which  account 
for  most  of  the  exposure  phenomena  which  have  been  observed. 

It  is  believed  that  the  latent  image  is  composed  of  small  aggregates 
of  silver  atoms  located  on  the  surfaces  and  in  the  interiors  of  the  grains. 
These  aggregates  are  formed  during  the  process  of  exposure  by  atoms 
collecting  at  the  sensitivity  specks. 

176 


The  most  generally  accepted  theory  concerning  the  mechanism  b> 
which  these  atoms  of  silver  collect  at  the  sensitivity  specks  during  the 
exposure  process  is  that  suggested  by  Gurney  and  Mott  (1938;  see  also 
Mees,  1942,  pp.  184-192;  Webb  and  C.  H.  Evans,  1938;  Webb,  1940; 
and  James,'  1945).  Briefly  described,  the  mechanism  is  as  follows; 
During  the  process  of  exposure  each  quantum  of  energy  absorbed  by 
the  silver  halide  crystal  energizes  and  releases  an  electron  from  a  bromide 
ion.  This  electron  is  then  free  to  wander  within  the  crystal  lattice  in 
conduction  bands  but  may  be  captured  at  a  sensitivity  speck.  With  the 
capture  of  one  or  more  electrons  the  sensitivity  speck  becomes  negatively 
charged  and  consequently  will  attract  positively  charged  silver  ions. 
Most  of  the  silver  ions,  however,  are  held  rather  rigidly  in  place  within 
the  lattice  structure,  owing  to  the  surrounding  attractive  forces  of  the 
negatively  charged  bromide  ions.  Consequently,  they  cannot  migrate 
to  the  sensitivity  speck.  The  few  exceptions  are  ions  which,  because  of 
slightly  greater  thermal  energies  than  their  neighbors,  have  been  dis¬ 
placed  from  the  regular  lattice  positions  into  other  regions  within  the 
crystal  ion  structure.  These  are  called  interstitial  ions,  and  they  are  free 
to  move  within  the  crystal.  They  are  the  ions  which  are  attracted  to 
the  negatively  charged  sensitivity  specks.  Here  the  electrons  neutralize 
the  silver  ions,  giving  uncharged  silver  atoms.  When  a  sufficient  num¬ 
ber  of  atoms  collect  at  a  particular  sensitivity  speck,  the  grain  becomes 
developable. 

As  each  quantum  absorbed  by  a  crystal  releases  one  electron,  and 
each  electron  may  change  one  silver  ion  to  an  atom,  at  the  highest 
possible  efficiency  there  may  be  a  one-to-one  correspondence  between 
the  number  of  quanta  absorbed  and  the  number  of  silver  atoms  col¬ 
lected  at  a  sensitivity  speck.  In  some  emulsions  it  is  believed  that  such 
a  high  efficiency  is  closely  approximated. 

lhe  two  general  steps  in  the  exposure  process,  (1)  the  trapping  of 
the  electrons  and  (2)  the  capture  of  the  silver  ions,  are  distinct  and, 
under  the  proper  conditions,  may  be  made  to  function  separately. 
Webb  and  C.  H.  Evans  (1938)  obtained  positive  evidence  of  the  separa¬ 
tion  of  these  two  steps.  1  heir  experiments  were  based  on  the  assump¬ 
tion  that  the  electron-releasing  and  -trapping  process  would  not  be 
influenced  by  making  exposures  at  the  temperature  of  liquid  air  but  that 
the  silver  ion  migration  would  be  prevented  at  this  low  temperature 

lh“  ?,lVarThT,  in  FiS-  5'3-  Fot  curve  (a)  the  exposure  was 

186°'  C  A?rl  T  '  “  W3S  'nade  at  the  temP«ature  of  liquid  air, 
-186  C  At  the  lower  temperature  very  little  latent  image  is  formed 

is  IS  believed  to  result  from  the  immobility  of  the  silver  ions  at  the 
low  temperature.  When  the  electro,,  traps  become  charged,  they  c. 
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not  be  neutralized  by  silver  ions  and  additional  electrons  arc  repelled. 
These  additional  electrons  are  then  recaptured  by  bromine  atoms.  Fol¬ 
lowing  the  exposure  after  the  film  is  warmed  up,  silver  ions  neutralize 
the  few  electrons  that  were  captured  and  form  the  amount  of  latent 
image  which  was  developed  to  give  curve  (b).  For  curves  (c),  (d),  and 


Log  It 

Fig.  5-3  H  &  D  curves  for  (a)  normal  room  temperature  (20°  C)  exposure;  (b) 
liquid  air  temperature  (-186°  C)  exposure;  (c)  low  temperature  exposure  in  two 
flashes  with  warm-up  between;  (d)  low  temperature  exposures  in  four  flashes  with 
warm-up  between;  (e)  low  temperature  exposures  in  eight  flashes  with  warm-up 
between  (Webb  and  C.  H.  Evans,  1938,  p.  236). 

(e)  the  same  total  exposure  was  given  to  the  film  as  for  curve  (b)  except 
that  the  exposure  w'as  interrupted  2,  4,  and  8  times,  respectively,  an 
the  film  was  warmed  up  between  each  flash  of  exposure.  During  each 
warm-up  period  it  appears  that  the  trapped  electrons  were  neutralized 
by  silver  ions  so  that  during  the  subsequent  exposure  period  additional 
electrons  could  be  trapped. 


the  development  process 


are 


During  flic  process  of  development  flic  exposed  grains  of  silver  halide 
reduced  to  metallic  silver  but  those  which  are  unexposed  remain 


unaffected.  This  process  requires  a  reducing  agent  which  has  adequate 
potential  and  which  is  capable  of  differentiating  between  the  exposed 
and  the  unexposed  grains. 

There  arc  two  basically  different  types  of  development,  chemical 
development  and  physical  development.  In  chemical  development 
the  developing  agent  reduces  the  silver  halide  grains  to  metallic  silver. 
Thus,  the  grain  itself  is  the  source  of  the  silver  which  is  deposited.  In 
physical  development  the  silver  image  which  is  deposited  is  derived  from 
silver  ions  in  the  developing  solution.  These  ions  are  supplied  by  actual 
additions  of  silver  nitrate  and  a  coinplexing  agent  to  the  developer. 
The  silver  speck  of  the  latent  image  catalyzes  the  reduction  of  these 
silver-complex  ions,  and  an  image  is  formed.  Such  development  may 
be  carried  out  even  after  fixing  the  emulsion.  This  is  called  postfixation 
physical  development.  Physical  development  is  hardly  ever  sought  in 
practice  but  docs  provide  a  means  of  studying  latent-image  formation 
and  the  mechanics  of  development. 

DEVELOPING  AGENTS 

The  term  developer,  as  it  is  most  commonly  applied,  refers  to  the 
whole  solution  in  which  the  silver  halide  grains  of  the  emulsion  are 
reduced  to  silver.  The  chief  component  of  this  solution,  although  by 
uo  means  the  only  one  of  importance,  is  the  developing  agent,  to  which 
the  term  developer  is  also  sometimes  applied. 

A  developing  agent  is  a  substance  which  reduces  silver'  ions  to  silver 
atoms.  In  the  process  the  agent  itself  becomes  oxidized.  The  number 
of  substances  which  will  serve  as  developing  agents  is  very  large.  Some 
of  the  simplest  of  these  are  the  compounds  hydrogen  peroxide  (HOOH), 
hydroxylamine  (NH2OH),  and  hydrazine  (NH2NH2).  Others  are  metal- 
containing  compounds  in  which  a  valence  change  in  the  metal  takes 
place  during  development.  Examples  of  such  developers  are  the  ferro- 
and  molybdo-oxalates  and  the  malonates.  These  simpler  types  of  devel¬ 
opers  arc  of  considerable  interest  in  studies  of  the  theory  of  development, 
but  they  are  of  little  value  in  practical  photography.  Most  practical 
de\  elopers  are  simple  derivatives  of  benzene.  The  developers  used 
almost  to  the  exclusion  of  all  others  in  black-and-white  photography  are 
hydroqumone  and  p-methylaminophenol  sulfate  (Kodak  Elon).  In  color 
photography  considerable  use  is  also  made  of  pyrogallol  and  the  deriva¬ 
tives  of  p-phenylenediamine.  The  structural  formulas  of  some  of  these 
developers  are  given  in  Fig.  5-4. 
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Figure  5-4 
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Fig.  5-4  Commonly  used  developing  agents  and  their  formulas  (Hanson,  1942). 

THE  CHEMISTRY  OF  DEVELOPMENT 

In  addition  to  the  developing  agent,  developing  solutions  contain 
sulfite,  bromide,  an  alkali,  and  they  may  contain  a  number  of  other 
components  which  serve  special  purposes,  'flic  ma,or  role  of  sulfite  in 
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the  developer  is  to  act  as  a  preservative.  It  decreases  aerial  oxidation 
and  greatly  extends  the  useful  life  of  the  developer.  It  also  reacts  with 
the  oxidation  products  of  the  developer  to  prevent  the  formation  o 
colored  staining  products.  In  addition,  sulfite  is  a  solvent  for  silver 
halide.  This  solvent  action  on  the  grains  of  an  emulsion  has  consider¬ 
able  influence  on  the  course  of  the  development  reaction.  In  some 
developers  there  is  sufficient  sulfite  present  so  that  a  fair  percentage  ot 
the  silver  halide  is  dissolved  and  the  dissolved  silver  is  deposited  by 


physical  development. 

Bromide  ions,  as  well  as  being  the  products  of  the  development  re¬ 
action,  are  usually  added  to  a  developer  to  prevent  fog.  They  affect 
development  both  through  the  adsorption  of  the  bromide  ions  to  the 
silver  halide  grain  surfaces  and  through  changes  in  the  solubility  of  the 
silver  bromide  in  the  developing  solution. 

The  alkali  is  in  the  developer  formula  to  establish  the  proper  pH. 
The  activity  of  the  developing  agent  is  a  function  of  pH,  increasing 
with  higher  values.  Different  developing  agents  require  different  de¬ 
grees  of  alkalinity  to  be  made  active.  For  example,  2,4-diaminophenol 
is  a  very  active  developer  in  neutral  solutions.  Elon  is  an  effective 
developer  at  pH's  above  8,  and  hydroquinone  at  pH's  above  10.  The 
alkali  is  usually  introduced  in  the  form  of  a  buffer  salt  so  that  the  de¬ 
veloping  solution  will  have  pH  stability  against  the  acid  released  in  the 
development  reactions.  For  developers  of  the  slow-working,  low-con¬ 
trast  type,  borax  or  the  equivalent  is  normally  used.  For  more  rapidly 
working  developers,  used  for  positives  or  paper,  carbonate  or  phosphate 
buffers  may  be  preferred. 

In  addition  to  these  main  ingredients,  developers  often  contain  other 
substances,  such  as  organic  antifoggants,  wetting  agents,  and  traces  of 
other  chemicals  which  serve  specific  purposes.  Packaged  chemical  de¬ 
velopers  in  which  the  dry  ingredients  are  properly  mixed  have  become 
quite  common.  These  give  added  convenience  in  handling  and,  what 
is  more  important,  assure  purity  and  the  proper  quantitative  combina¬ 
tion  of  developer  components.  Some  of  the  organic  chemicals  now 
added  to  developers  are  so  important  and  are  present  in  such  trace 
quantities  that  mixing  can  best  be  done  in  large  batches  in  laboratories 
where  precise  measurements  are  possible. 

The  development  reactions  with  hydroquinone  as  the  developer  can 
be  given  in  simplified  form  as  follows.  The  silver  is  reduced: 
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+  2H 


(5-U) 


O 


o 


+  26 


(5 -If) 


O 


O 


thus  supplying  the  electrons  for  the  silver  reaction.  The  quinone 
formed  in  this  reaction  decomposes  in  alkaline  solution,  and  the  prod¬ 
ucts  are  colored  materials  which  stain  gelatin.  In  the  presence  of  sulfite, 
however,  the  following  reaction  takes  place: 
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yielding  the  hydroquinone  monosulfonate  ion,  which  is  a  coloilcss  solu¬ 
ble  substance.  It  is  itself  a  weak  developing  agent  but  has  very  little 
influence  in  the  presence  of  hydroquinone. 

The  result  of  combining  all  the  above  equations  representing  the  re¬ 
action  between  silver  ions  and  hydroquinone  in  the  presence  of  sulfite 
is  as  follows: 
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Developing  reactions  involving  p -methylaminophenol  are  probab  y 
quite  similar  to  those  with  hydroquinone.  1  he  active  developing  agent 
is  an  ion,  in  this  case  singly  charged,  and  an  oxidation  product  of 
quinoidal  structure  is  formed.  The  reactions  are  somewhat  the  same 
for  pyrogallol.  For  phenylenediamine  derivatives,  the  active  developing 
agent  is  believed  to  be  neutral,  but  otherwise  the  reactions  are  probably 
analogous.  Even  without  the  ionization  of  the  developing  agent,  how¬ 
ever,  the  pH  of  the  solution  affects  the  reaction,  possibly  by  influencing 
the  removal  of  the  reaction  products  (James,  1939,  pp.  709-710). 


M  ECHANISM  OF  DEVELOPMENT 

Development  of  the  latent  image  is  a  matter  of  relative  rates  of  re¬ 
action.  Developing  solutions  have  sufficient  reduction  potentials  to  re¬ 
duce  all  the  silver  halide  grains,  exposed  and  unexposed.  A  few  un- 
exposed  grains  actually  are  reduced  in  normal  development,  resulting 
in  “fog,”  and  all  the  grains  would  be  reduced  in  the  commonly  used 
developers  if  given  sufficient  time  (possibly  several  days).  Exposed 
grains,  in  general,  are  reduced  much  more  rapidly,  however,  than  are 
the  unexposed  ones.  Differentiation  between  exposed  and  unexposed 
grains  thus  becomes  possible  through  control  of  the  development  time. 

The  low  rate  of  reduction  of  unexposed  silver  halide  grains  is  due  to 
the  presence  on  the  grain  surface  of  a  barrier  layer  of  adsorbed  gelatin 
and  bromide  ions.  Because  of  this  barrier,  active  components  of  the 
developer  solution  capable  of  reducing  the  silver  halide  are  prevented 
from  coming  in  close  contact  with  it.  Once  a  breach  is  created  in  this 
barrier,  reduction  of  the  grain  proceeds  rapidly. 

Silver  halide  grains  making  up  the  latent  image  are  those  in  which 
the  protective  power  of  this  surface  barrier  has  been  either  partially  or 
completely  destroyed.  It  is  in  this  connection  that  the  concepts  of  the 
nature  of  the  development  process  must  be  made  to  harmonize  with  the 
concepts  of  the  process  of  latent-image  formation.  The  effect  of  ex¬ 
posure,  as  has  already  been  discussed,  is  to  cause  tiny  specks  consisting 
of  metallic  silver  to  form  at  various  points  within  and  on  the  surface  of 
the  silver  halide  crystal.  The  accumulated  evidence  indicates  that  these 
specks,  particularly  those  on  the  surface,  are  the  sites  at  which  develop¬ 
ment  of  any  grain  begins.  Once  development  has  started,  the  surface 
barrier  is  broken,  the  developer  is  able  to  attack  larger  and  larger  por- 
tarns  of  the  gram  surface,  and,  in  a  relatively  short  period  of  time,  the 
d  ve  opmen  ,s  completed.  The  length  of  time  necessary  to  irritate 
development  of  any  grain  is  therefore  much  more  important  in  deter 
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mining  total  development  time  than  is  the  length  of  time  necessary  to 
complete  the  development  once  it  is  started. 

The  exact  role  of  the  silver  specks  in  controlling  the  action  of  the 
developing  agents  in  chemical  development  is  not  known,  although 
several  different  theories  have  been  proposed  (Mees,  1942,  pp.  309-328). 
One  such  theory  is  very  similar  to  the  Gurney-Mott  theory  of  latent- 
image  formation.  During  development,  according  to  this  theory,  the 
silver  at  each  latent-image  nucleus  serves  as  an  electrode  (Gurney  and 
Mott,  1938,  p.  162;  Mott,  1939,  pp.  200-201;  Mott  and  Gurney,  1948, 
pp.  235-238).  Electrons  reach  this  electrode  directly  from  the  de¬ 
veloper;  thus  charged,  the  electrode  attracts  silver  ions  from  the  silver 
halide  crystal.  It  has  also  been  claimed,  however,  that  the  adsorption 
of  the  developer  to  the  electrode  which  this  theory  assumes  is  not  suffi¬ 
ciently  evident.  As  an  alternative,  it  has  been  suggested  that  develop¬ 
ment  takes  place  at  the  triple  interface  between  the  developer,  the  silver 
halide,  and  the  silver  speck,  with  the  silver  serving  as  a  catalyst  by  lower¬ 
ing  the  activation  energy  necessary  for  the  reaction  between  the  silver 
ions  and  the  developing  agent  (James,  1946d,  1946b). 

At  one  time  the  silver  obtained  by  the  development  of  the  silver 
halide  grains  was  described  as  “coke-like.”  However,  electron-micro¬ 
scope  pictures  of  the  developed  silver  image  (Mees,  1942,  p.  312),  with 
magnifications  of  40,000,  have  revealed  that  the  developed  silver  grain 
is  more  like  a  mass  of  seaweed.  It  is  composed  of  tiny  threads  of  silver. 
Any  explanation  of  the  mechanism  of  the  development  process  must 
account  for  this  type  of  structure  in  the  developed  image,  as  well  as  the 
other  facts  which  have  been  mentioned. 

FOG 

The  reduction  of  silver  halide  grains  which  have  not  been  exposed, 
giving  fog,  is  in  general  quite  undesirable.  Some  emulsions  are  much 
more  prone  to  develop  fog  than  are  others,  depending  upon  the  extent 
and  manner  of  their  sensitization,  the  age  of  the  emulsion,  and  other 
factors.  The  conditions  of  development  also  affect  fog.  In  general,  the 
more  powerful  reducing  agents  tend  to  produce  more  fog,  but  developers 
differ  considerably  in  the  extent  to  which  they  will  differentially  attack 
the  exposed  and  unexposed  silver  halide  crystals.  During  the  early 
stages  of  development  the  production  of  fog  usually  is  slight,  but  as 
development  continues  the  rate  of  fog  production  increases. 
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Density  and  Its  Measurement 

The  silver  deposit  which  results  from  exposure  and  development  of 
a  photographic  emulsion  absorbs  light.  It  is  this  characterise  wh.ch 
makes  the  silver  deposit  useful  in  photographic  images,  and  it  .s  natural 
that  the  silver  deposit  should  usually  be  described  in  terms  of  its  hght- 
absorbing  power,  or  density.  Films  are  measured  with  transmitted  light, 
giving  transmission  density  D„  whereas  papers  arc  measured  with  re- 
fleeted  light,  giving  reflection  density  Dr. 


D  E  FINITION  O  F  D  E  N  S  I  T  Y 

The  transmittance,  T,  of  a  film  sample  is  defined  with  respect  to  a 
receptor  of  a  given  spectral  sensitivity  distribution  as  follows: 

f  Pts  d\ 

T  = -  (5*3  a) 

J  P oJ  d\ 

where  P,  is  the  radiant  flux  transmitted  by  the  sample  and  collected  by 
the  receptor;  P0  is  the  radiant  flux  collected  by  the  receptor  with  no 
sample  in  place;  and  s  is  the  sensitivity  distribution  of  the  receptor. 
Ph  P0,  and  s  are  all  functions  of  wavelength  A.  If  the  receptor  whose 
sensitivity  is  s  is  actually  used  in  the  measurement,  its  response  with 
the  sample  in  place  indicates  the  value  of  the  integral  in  the  numerator, 
and  its  response  without  the  sample  indicates  the  value  of  the  denomi¬ 
nator.  For  indirect  types  of  measurement,  a  wavelength  distribution 
of  s  is  either  determined  or  assumed.  Measurements  of  Pt  and  P0  are 
made  at  small  wavelength  intervals  throughout  the  spectral  region  in 
which  s  differs  appreciably  from  zero.  The  values  of  the  two  integrals 
can  then  be  obtained  by  numerical  integration. 

The  reflectance,  R,  of  a  paper  sample  is  similarly  defined  as: 


f  Prs  d\ 

R  =  — -  (5-3i) 

I  P0s  d\ 

In  this  case,  Pr  is  the  radiant  flux  collected  by  the  receptor  after  it  is 
reflected  from  the  sample;  P0  is  the  radiant  flux  collected  by  the  receptor 
after  it  is  reflected  from  a  standard  sample  which  is  assumed  to  be  100 
percent  reflecting  and  completely  diffusing. 
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Definitions  of  transmission  density  Dt  and  reflection  density  Dr  may 
now  be  given  as: 

Dt  =  log10  1  /T  =  -  log10  T  (5-4 a) 

Dr  =  logio  1  /R  =  logio  R  (5 '4b) 

I'or  the  present  we  shall  concern  ourselves  primarily  with  transmission 
density,  particularly  as  it  is  made  use  of  in  black-and-white  photography. 
In  Chapter  XI  we  shall  return  to  these  definitions  and  their  extensions 
as  they  relate  to  color  photography. 


Pig.  5-5  Optical  systems  for  measuring  diffuse  densities:  (a)  incident  light  is  specie 
lar,  and  total  light  transmitted  is  evaluated;  and  (b)  incident  light  is  diffuse,  anc 
specularly  transmitted  component  is  evaluated  (American  Standards  Association, 

1946,  p.  24). 


SPECULAR  AND  DIFFUSE  D  E  N  S  I'll 

The  developed  silver  image  is  not  entirely  homogeneous  but  is  com¬ 
posed  of  individual  particles  embedded  in  the  gelatin.  These  particles 
scatter  light  to  some  extent.  Therefore,  the  measured  density  of  any 
particular  sample  depends  upon  the  geometrical  arrangement  of  the 
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ootical  measuring  system.  Different  geometrical  arrangements  lead  to 
three  types  of  measured  densities:  (1)  diffuse  density,  (2)  specular  den¬ 
sity,  and  (3)  doubly  diffuse  density. 


Sample 

Fig.  5-6  Optical  system  for  measuring  specular  density  (American  Standards  Asso¬ 
ciation,  1946,  p.  24). 

Diffuse  density  measurements  may  be  made  by  either  of  two  arrange¬ 
ments:  the  incident  radiant  flux  is  incident  normally  (perpendicularly) 
on  the  sample,  and  all  the  transmitted  flux  is  collected  and  equally 
evaluated;  or  the  incident  flux  is  perfectly  diffuse,  and  only  the  normal 
component  of  the  transmitted  flux  is  evaluated.  Optical  systems  for 
measuring  diffuse  densities  in  these  two  ways  are  illustrated  in  F  ig.  5  •  5, 
the  two  systems  giving  essentially  equivalent  results.  In  either  of  these 
systems  the  incident  radiation  is  in 
practice  measured  by  means  of  the 
integrating  sphere  receptor  as  shown, 
but  with  no  sample  in  place. 

For  specular  density  the  incident 
radiation  flux  strikes  the  sample 
normally,  and  only  the  normal  com¬ 
ponent  of  the  transmitted  flux  is 
evaluated.  This  is  accomplished  by 
means  of  an  optical  system  such  as 
is  shown  in  Fig.  5-6. 

The  third  type  of  density,  doubly 
diffuse,  is  measured  by  allowing 
diffuse  radiation  to  strike  the  sample, 
and  evaluating  all  the  flux  that  is 

transmitted.  The  optical  system  for  making  this  measurement  is  illus¬ 
trated  in  Fig.  5-7. 

Which  of  these  three  density  readings  is  preferred  will  vary,  depend¬ 
ing  upon  the  photographic  material  and  the  situation.  For  example,  in 


Fig.  5-7  Optical  system  for  measur¬ 
ing  doubly  diffuse  density  (American 
Standards  Association,  1946,  p.  24). 


contact  printing  from  a  negative,  the  diffuse  density  is  of  importance. 
In  projection  printing,  the  reading  should  more  nearly  approach  a  specu¬ 
lar  density.  In  the  projection  of  positives,  such  as  motion  pictures,  the 
effective  density  value  of  the  film  is  between  the  specular  and  the  dif¬ 
fuse,  depending  upon  the  aperture  of  the  projection  lens  (Tuttle  and 
Koerner,  1937,  p.  623).  The  relationship  between  density  and  illumi¬ 
nating  angle  is  shown  in  Fig.  5-8.  In  the  reproduction  of  sound  on  film 
the  system  is  nearly  specular. 
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Illuminating  angle  (degrees) 

Fig.  5-8  Density  of  a  film  sample  in  a  projector  as  a  function  of  angle  of  illumina¬ 
tion.  Also  shown  are  /-numbers  corresponding  to  various  angles  of  illumination. 


The  data  of  Fig.  5-8  indicate  that  slight  changes  in  the  specularity  of 
the  measuring  light  will  give  decided  changes  in  the  determination  of 
specular  densities,  whereas  diffuse-density  measurements  arc  less  depend¬ 
ent  upon  slight  variations  in  diffuseness.  For  this  reason  the  density 
values  most  commonly  measured  in  photographic  sensitometry  are  of 
the  diffuse  type.  In  controlling  operations  involving  specular  densities, 
such  as  with  sound  tracks,  one  usually  measures  diffuse  densities  and,  by 
means  of  a  relationship  which  is  established  between  specular  and  dif¬ 
fuse  densities  for  the  particular  type  of  material,  converts  the  results  to 
specular  densities  (Tuttle,  1926). 

The  actual  ratios  of  the  two  types  of  measurement  in  any  given  case 
will,  of  course,  depend  upon  the  thickness  and  scattering  properties  of 
the  image.  The  ratio  between  specular  density  and  diffuse  density  is 
called  the  Callier  coefficient,  or  O  factor.  The  value  of  the  O  factor 
may  vary  from  about  1.2  for  very  fine-grained  emulsions  to  about  1.9  for 
coarse-grained,  high-speed  emulsions  (Mees,  1942,  p.  642).  It  a  so  ce 
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pends  somewhat  on  the  density  to  which  the  emulsion  is  developed  and 
generally  increases  with  increasing  gamma. 


luminous  density 

A  silver  image  is  essentially  nonselective  in  its  action  on  the  radiant 
energy  that  it  absorbs.  The  transmittances  and  densities  of  such  mate¬ 
rials  *3  re  independent  of  the  spectral  distribution  of  the  incident  radia¬ 
tion  and  of  the  spectral  sensitivity  of  the  receptor.  Most  of  the  litera¬ 
ture  on  photographic  density,  including  that  on  standards  for  density 
measurements,  has  been  written  with  nonselective  absorbers  in  mind. 

When  transmittances  or  densities  of  a  selectively  absorbing  material 
arc  measured,  the  results  obtained  will  vary,  depending  upon  the  spec¬ 
tral  characteristics  of  the  light  source  and  of  the  receptor.  One  type  of 
density  which  is  of  particular  interest  is  “luminous  density.”  *  The 
term  may  be  applied  to  any  density  measurement  for  which  the  eye  is 
used  as  a  receptor,  or  for  which  the  receptor  system  has  a  wavelength 
sensitivity  distribution  corresponding  to  that  of  the  eye.  Except  for 
nonselective  materials,  the  luminous  density  as  so  defined  does  not  have 
a  unique  value  for  any  given  sample,  because  of  the  dependence  upon 
the  spectral  distribution  of  the  light  source.  The  transmitted  radiation, 
P,,  at  any  wavelength  A,  is  related  to  the  incident  radiation,  P0,  at  the 
same  wavelength  by: 

Pi  =  TxPo  (5  -Sa) 

where  l\  is  the  transmittance  at  wavelength  A.  Equation  5  •  3 a  can 
therefore  be  written  as: 

fPoTxs  dX 

T  = -  (5  •  5b) 

J  P0S  dX 


A  change  of  either  the  sensitivity  of  the  receptor  or  the  intensity  of  the 
incident  radiation  at  any  wavelength  will  not  affect  the  final  result,  so 
long  as  the  product,  P0s,  is  not  altered  in  the  process. 


Luminous  density  has  been  adopted  here  as  the  term  most  descriptive,  within 
the  framework  of  our  visual  and  photographic  terminology,  of  the  concept  involved. 
Jones  and  Condit  (1948),  however,  have  used  this  same  term  as  a  shortened  form 
of  “volume  density  of  luminous  energy.”  Apparently  to  avoid  confusion  with  this 
usage,  the  American  Standards  Association  (1946)  has  accepted  the  term  visual 
density  to  denote  what  is  here  called  luminous  density.  In  this  book  the  term  will 
be  used  exclusively  as  defined  in  the  text. 


The  American  Standards  Association  (1946)  has  adopted  a  standard 
distribution,  P0s,  for  use  in  determining  visual  (luminous)  densities 
This  is  given,  in  logarithmic  units,  in  Fig.  5-9.  The  curve  was  arrived 


Fig.  5-9  Product  curve  of  the  luminosity  function  and  a  tungsten  lamp  spectral 
energy  distribution  as  adopted  by  the  American  Standards  Association  (1946,  p.  12) 
for  measuring  visual  (luminous)  density. 

at  by  obtaining  the  product,  wavelength  by  wavelength,  of  the  standard 
luminosity  function  and  spectral  energy  distribution  of  a  tungsten  lamp 
operating  at  a  color  temperature  of  3,000°  K. 

PRINTING  DENSITY 

In  making  a  photographic  print  from  a  transparent  film  the  exposures 
given  the  print  depend  upon  the  intensity  and  distribution  of  light  from 
the  source,  the  transmittance  of  the  film,  and  the  sensitivity  distribution 
of  the  print  emulsion.  Densities  measured  with  respect  to  the  exposing- 
light  and  photographic-emulsion  sensitivities  are  called  printing  densi¬ 
ties.  The  printing  densities  and  luminous  densities  of  any  medium  arc 
the  same,  provided  that  the  medium  is  nonselective  in  its  action  on  the 
incident  radiation.  If  its  action  is  selective,  the  two  density  measure¬ 
ments  may  differ  appreciably  from  each  other.  In  many  negative  films 
the  silver  image  is  nonselective.  However,  in  fine-grained  emulsions  or 
images  developed  in  staining  developers  the  image  may  be  brown  and 
its  printing  density  higher  than  its  luminous  density  (Mees,  1942,  pp. 

555-557). 

Standards  have  been  adopted  for  the  measurement  of  diffuse  printing 
density  by  the  American  Standards  Association  (1946,  pp.  12-13).  The 
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distribution  adopted  for  P„s  is  given  in  logarithmic  units  in  I  ig.  5  10 
This  distribution  is  based  upon  a  tungsten  light  source  operating  at  a 
color  temperature  of  3,000°  K  and  the  average  of  the  relative  spectral 

sensitivities  of  a  number  of  commonly 
used  photographic  printing  materials. 


COVERING  POWER 

As  the  density  in  any  region  of  a  film 
is  due  to  light  absorption  and  scatter¬ 
ing  by  the  silver  in  the  image,  the 
density  is  roughly  proportional  to  the 
amount  of  silver  per  unit  of  area  of  the 
film  surface.  In  addition  to  the  total 
amount  of  silver,  however,  density  de¬ 
pends  also  on  the  sizes,  shapes,  and 
other  characteristics  of  the  grains  mak¬ 
ing  up  the  image.  Fog  silver,  for  ex¬ 
ample,  usually  has  a  lower  covering 
power  than  the  silver  normally  devel¬ 
oped. 

The  ratio  of  silver  mass  M  to  density 
D  in  any  region  of  the  film  is  called 
the  “photometric  equivalent,”  symbol¬ 
ized  by  the  letter  P.  Determinations 
of  values  of  P  are  seldom  made  in  practical  photography,  but  are  re¬ 
ferred  to  frequently  in  theoretical  studies  of  the  photographic  process. 

Photometric  equivalent  is  usually  measured  in  units  of  grams  of  silver 
per  square  decimeter,  per  unit  of  density.  In  these  units,  values  usually 
range  between  0.01  and  0.02,  but  thev  may  range  as  high  as  0.05  and 
0.06  (Mees,  1942,  pp.  230-231). 


Fig.  5-10  Product  curve  for  an 
emulsion  sensitivity  distribution  and 
a  tungsten-lamp  spectral  energy  dis¬ 
tribution  as  adopted  by  the  Ameri¬ 
can  Standards  Association  (1946,  p. 
12)  for  measuring  photographic 
printing  density. 


Density-Exposure  Relations 

1  he  most  common  method  of  describing  the  response  of  a  photo¬ 
graphic  material  is  by  means  of  the  characteristic  curve,  or,  as  it  is  more 
frequently  called  for  its  originators,  F.  Hurter  and  V.  C.  Driffield  (1890), 
the  H  &  D  curve.  Such  a  curve  gives  the  density  of  the  developed  pho¬ 
tographic  film  or  paper  as  a  function  of  the  logarithm  of  the  exposure. 

Probably  the  chief  reason  for  using  density  as  a  measure  of  the  re¬ 
sponse  of  the  photographic  material  is  that  density  differences  cor¬ 
respond  reasonably  well  with  visually  equivalent  differences  in  appear- 
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ance.  The  correspondence  is  by  no  means  exact,  but  density  is  much 
more  satisfactory  in  this  respect  than  is  transmittance  or  any  other 
simply  defined  function  of  transmittance.  Also,  density  is  often  essen¬ 
tially  a  linear  function  of  log  exposure  over  a  wide  range  of  exposures. 
Transmittance  and  exposure,  or  other  simple  functions  of  them,  are 
seldom  so  conveniently  related  to  each  other. 

THE  CHARACTERISTIC  CURVE 

The  characteristic  curve  of  a  typical  emulsion  is  given  in  Fig.  5T1. 
Such  a  curve  may  normally  be  divided  into  three  sections:  the  toe,  a 


Log  E 

Fig.  5-11  Characteristic  curve  of  a  typical  photographic  emulsion. 


low-density  region  which  is  curved  with  the  concave  side  up;  the  straight- 
line  region;  and  the  shoulder,  a  high-density  region  which  is  curved  with 
the  concave  side  down.  If  exposure  is  extended  beyond  the  shoulder 
region,  density  begins  to  decrease  again  as  indicated  by  the  dashed  por¬ 
tion  of  the  curve.  This  is  called  the  reversal  or  solarized  region  of  the 
image.  Solarization  is  not  frequently  encountered  in  practical  pho¬ 
tography.  .  , 

The  slope  of  the  straight-line  portion  of  the  curve  is  called  gamma. 

The  projected  length  of  this  straight-line  portion  on  the  log  E  axis  is 
related  to  the  latitude  of  the  exposure.  The  speed  of  the  emulsion  de¬ 
pends  upon  the  amount  of  exposure,  in  absolute  units,  necessary  to 
obtain  a  satisfactory  photograph.  Early  methods  of  specifying  speed 
were  based  on  the  intersection  of  the  extension  of  the  straight-lure  por¬ 
tion  of  the  curve  with  the  log  E  axis  or  with  the  value  of  log  C  at 
density  corresponding  to  the  fog  level.  A  more  recent  standard  method 
of  defining  speed  will  be  discussed  in  later  paragraphs. 
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exposure 


Exposure  is  the  term  used  to  designate  the  amount  of  energy  incident 
per  unit  of  area  upon  the  photographic  emulsion.  Sometimes  it  is  ex¬ 
pressed  directly  in  energy  units;  more  often  it  is  expressed  in  units  ot 
luminous  energy,  such  as  meter-candle-seconds.  Tor  certain  purposes, 
particularly  in  color  photography,  it  is  convenient  to  define  exposure  in 
a  more  general  sense  as  being  radiant  energy  measured  with  respect  to 
some  selected  sensitivity  distribution.  In  equation  form  this  would 
mean  that  exposure  E  is  given  by: 

E=\sUd\  (5-6  a) 

where  s  is  the  sensitivity  and  U  is  the  energy  per  unit  of  wavelength 
difference.  Both  s  and  U  will,  in  general,  vary  as  functions  of  wave¬ 
length  A,  and  U  is  measured  with  respect  to  some  unit  of  area  of  the 
emulsion  surface.  The  sensitivity  distribution,  s,  represents  that  of  the 
particular  receptor  under  consideration.  It  may  be  that  of  the  standard 
luminosity  function,  thus  corresponding  to  luminous  energy,  or  it  may 
be  the  measured  or  assumed  sensitivity  distribution  of  some  photo¬ 
graphic  emulsion,  photoelectric  cell,  or  the  like.  It  is  in  this  general 
sense,  as  indicated  by  equation  S-6a,  that  the  term  exposure  will  be 
used  in  this  book. 

The  abscissa  scale  for  the  H  &  D  curve  is  taken  as  the  logarithm  of 
the  exposure,  log  E.  For  radiant  energy  of  any  given  spectral  energy 
distribution,  a  change  in  the  sensitivity  distribution  with  respect  to 
which  the  exposure  is  determined  has  the  effect  only  of  a  shifting  of  the 
scale,  without  a  change  in  the  size  of  the  scale  unit.  In  equation  form 
this  means  that,  for  any  energy  distribution  U,  if  Ei  is  measured  with 
respect  to  su  and  E2  with  respect  to  s2,  then 

log  E2  =  A"  +  log  Ei  (5  •  6b) 

The  value  of  K  will  not  change  so  long  as  the  relative  distribution  of 
U  is  the  same,  regardless  of  its  absolute  magnitude.  Because  of  this  fact 
and  because  the  expression  of  log  E  in  relative  units  only  is  commonly 
of  interest,  the  sensitivity  distribution  is  often  of  no  great  consequence. 
Frequently,  therefore,  no  indication  of  it  is  given  on  the  H  &  D  plot. 

When  one  is  concerned  with  a  variety  of  forms  of  energv  distribu¬ 
tions,  however,  equation  5-6 b  cannot  be  applied  and  the  specific  form 

of  the  sensitivity  distribution  must  be  indicated  if  the  H  &  D  plot  is  to 
have  meaning. 
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of 


Exposure  may  also  be  considered  the  time  integral  of  the  intensity,  7, 
the  radiant  flux  per  unit  of  area  of  the  photographic  emulsion,  or: 


with 


(5  -6c) 


(5  •  6  d) 


In  this  latter  equation,  P  is  the  radiant  flux  per  unit  of  wavelength  dif¬ 
ference  and  s  is  again  the  sensitivity.  Both  s  and  P  vary  as  functions  of 
wavelength.  If  the  intensity  I  is  constant  over  the  time  t,  then  E  =  It. 


RECIPROCITY  LAW  AND  RECIPROCITY  FAILURE 

One  of  the  early  discoveries  in  photography  was  that  for  any  par¬ 
ticular  film  and  developing  process,  the  density  obtained  was  a  function 
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1.0 
0.6 
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-0.2 
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Fig.  5-12  Log  exposure  as  a  function  of  log  intensity  for  different  densities,  illus¬ 
trating  reciprocity-law  failure  (Mees,  1942,  p.  240). 

primarily  of  exposure,  as  defined  above,  independent  of  the  actual  in¬ 
tensity  or  time  considered  separately.  This  was  stated  by  Bunsen  and 
Roscoe  (Mees,  1942,  p.  236)  and  called  the  reciprocity  law.  Actually,  as 
has  since  been  well  established,  the  reciprocity  law  does  not  hold  strictly 
for  any  emulsion,  and  some  emulsions  give  marked  deviations  from  it. 
At  low  intensities  the  deviations  in  some  cases  are  so  great  that  the  effec¬ 
tiveness  of  the  exposure  depends  only  on  the  intensity,  independently 
of  time.  Deviations  from  the  law  are  referred  to  as  reciprocity-law  fail¬ 
ure  or,  more  simply,  reciprocity  failure. 

The  nature  and  the  degree  of  reciprocity  failure  for  any  emulsion  arc 
usually  shown  graphically  by  means  of  a  plot  of  the  logarithm  of  the 
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exposure,  log  It,  necessary  to  produce  a  given  density,  as  a  fiinctio 
loo  I.  A  family  of  such  curves  for  different  densities  in  a  typical  emu 
Sion  is  given  in  Fig.  5-12.  In  color  photography  reciprocity  failure  is 
apt  to  be  particularly  troublesome  because  three  emulsions  are  involved 
and  the  three  emulsions  are  not  affected  in  the  same  way  by  changes  in 
exposure  time.  This  results  in  an  off-balance  of  color  if  the  exposure  is 
much  longer  or  shorter  than  that  for  which  the  film  was  designed. 


INTER MITTENCY  EFFECTS 

Of  special  interest  in  connection  with  reciprocity  failure  is  the  inter- 
mittency  effect.  In  studying  the  sensitometric  characteristics  of  photo¬ 
graphic  emulsions  it  is  necessary  to  give  a  graded  series  of  exposures  in 
which  the  amount  of  exposure  at  each  step  is  accurately  controlled. 
This  was  once  done  chiefly  by  means  of  time-scale  sensitometers  using 
intermittent  exposures.  Such  sensitometers  were  used  because,  for  the 
same  accuracy  in  timing,  it  was  simpler  to  rotate  sector  disks  at  high  rates 
of  speed  than  at  low  rates.  Other  time-scale  sensitometers  with  non- 
intermittent  exposures  were  also  in  use.  Even  where  the  products  of  the 
times  and  intensities  for  the  two  types  were  made  equal,  large  differences 
in  results  were  obtained.*  The  differences  were  ascribed  to  the  “inter- 
mittency  effect.”  For  many  years  after  the  effect  was  discovered  no 
satisfactory  explanation  of  it  could  be  given.  Webb  (1933)  and  others 
(see  Mees,  1942,  pp.  250-254)  have  since  shown  that  it  is  a  manifesta¬ 
tion  of  reciprocity-law  failure.  He  found  that  “the  same  photographic 
effect  is  obtained  with  an  intermittent  exposure  of  average  intensity  I 
as  with  a  continuous  exposure  of  absolute  intensity  /,  providing  the  fre¬ 
quency  of  flash  of  the  intermittent  exposure  is  above  a  minimum  critical 
value  fc.”  (Webb,  1933,  p.  169.) 


TEMPERATURE  EFFECTS 

The  temperature  of  an  emulsion  at  the  time  of  its  exposure  also  affects 
the  density  that  will  result  when  it  is  developed.  In  theoretical  w'ork 
exceedingly  low  temperatures  are  frequently  used.  Two  characteristic 
curves  for  the  same  emulsion  exposed  at  about  20°  C  and  at  the  tem¬ 
perature  of  liquid  nitrogen  are  shown  in  Fig.  5-13.  The  exposure  at 
very  low  temperatures  gave  very  little  density.  At  temperature  condi- 

For  a  more  complete  discussion  on  sensitometers,  see  Mees  (1942  pp  ^S7-637) 
and  James  and  Higgins  (1948,  pp.  152-162). 
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tions  encountered  in  practice  such  extreme  changes  do  not  occur.  How¬ 
ever,  in  color  films  involving  three  emulsions,  this  effect,  like  reciprocity- 
law  failure,  can  cause  shifts  in  color  balance. 


0.5  1.1  1.7  2.3  2.9 


Log  It 

Fig.  5-13  Characteristic  curves  for  different  samples  of  the  same  emulsion  exposed 
(a)  at  about  20°  C  and  ( b )  at  the  temperature  of  liquid  air  (Webb  and  C.  H.  Evans, 
1938,  p.  254). 

EFFECTS  DUE  TO  SILVER  HALIDE  GRAIN  - SIZE 
DISTRIBUTION  VARIATIONS 

Size  distributions  of  the  silver  halide  grains  in  a  photographic  emul¬ 
sion  have  already  been  discussed  (see  p.  175).  Variations  in  the  possible 
distributions,  along  with  differences  in  the  chemical  natures  of  the  emul¬ 
sions,  make  possible  a  wide  range  of  density-exposure  characteristics. 
Grains  which  are  the  same  chemically  are  believed  to  require  about  the 
same  number  of  quanta  to  become  developable,  regardless  of  their  sizes. 
Consequently  emulsions  with  larger  grains  usually  have  greater  photo¬ 
graphic  speed. 

The  gamma,  or  slope  of  the  straight-line  portion  of  the  characteristic 
curve,  of  an  emulsion  is  associated  with  the  range  of  grain  sizes,  a  narrow 


Fic.  5-14  Characteristic  curves  for  photographic  emulsions  of  various  grain-size 
distributions.  Designations  correspond  to  those  given  in  Fig.  5-1,  P-  174  (Trivelli 
and  Smith,  1939,  p.  332). 


I'ic.  5-15  Transmission  as  a  function  of  exposure  for  a  “toe  type”  sound-recording 
film  developed  to  gammas  of  {a)  2.33,  (b)  2.75,  (c)  2.99,  and  (d)  3.10. 
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range  tends  to  give  high  gamma,  and  a  wide  range,  low  gamma.  As 
shown  in  Fig.  5-1,  emulsions  with  larger  grains  also  usually  have  greater 
ranges  in  sizes  than  do  those  with  smaller  grains.  High  speed  is  there¬ 
fore  usually  associated  with  low  gamma,  and  low  speed,  with  high 
gamma.  Characteristic  curves  for  the  various  emulsions  of  Fig.  5-1  are 
given  in  Fig.  5-14. 

NONLINEAR  CHARACTERISTIC  CURVES 

For  most  purposes  the  straight-line  part  of  the  H  &  D  curve  is  con¬ 
sidered  to  be  more  useful  than  either  the  toe  or  shoulder.  In  certain 
special  situations,  however,  other  parts  of  the  curve  may  be  preferred. 
For  recording  sound  on  film  by  the  variable-density  method,  for  ex¬ 
ample,  it  is  required  that  the  transmittance 
of  the  film  be  approximately  linearly  re¬ 
lated  to  the  exposure  which  it  receives. 
The  transmittance  may  increase  or  de¬ 
crease  with  exposure,  but  either  way,  the 
linear  relationship  must  hold.  This  re¬ 
sult  is  normally  accomplished  by  obtain¬ 
ing  an  over-all  gamma  of  1 .0  in  the  final 
positive.  For  the  direct  recording  of 
sound  on  film  for  use  without  making  a 
positive  print,  a  similar  result  may  be  ob¬ 
tained  by  using  the  toe  region  of  a  suit¬ 
able  photographic  material. 

Figure  5-15  shows  transmittance  as  a 
function  of  exposure  for  the  low-exposure 
region  of  a  photographic  material  which 
might  be  used  for  “toe  recording”  of 
sound  on  film.  Equations  for  the  straight- 
line  portion  of  any  of  these  curves  would 
be  in  the  form  of: 

Log  exposure  T  =  —  k{E  —  Eq)  (5-7) 

Fig.  5-16  Normal  characteristic  where  k  is  the  absolute  value  of  the  slope, 
curves  corresponding  to  curves  ^  ^  corresponcls  to  the  intercepted 

1)  ottcc  m  ig.  va]ue  0f  the  exposure  obtained  by  extend¬ 

ing  the  straight-line  portion  of  the  curve  to  the  abscissa  axis.  The  cor¬ 
responding  log  E  density  plots  are  given  in  Fig.  S  •  16.  It  is  evident  that 
such  a  film  has  short  latitude,  and,  therefore,  exposure  is  critical;  it  is 

a  difficult  film  to  use. 
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The  Physics  of  Development 


The  selection  of  the  developer  formula  and  development  conditions 
are  nearly  as  important  in  obtaining  a  given  result  as  is  the  select, on  of 
the  proper  film  and  exposure. 


time  of  development 

Results  obtained  by  developing  a  graded  series  of  exposures  for  various 
times  in  a  given  developer  may  be  expressed  in  a  variety  of  ways.  1  he 
method  which  is  generally  most  useful  is  to  plot  the  entire  family  of 


Fig.  5-17  Family  of  H  &  D  curves  corresponding  to  different  development  times 
for  a  negative  film.  Inserts  show  fog  density  and  gamma  as  functions  of  develop¬ 
ment  time. 

1 1  &  D  cunes.  Such  a  set,  each  curve  corresponding  to  a  different  devel¬ 
opment  time,  is  shown  in  Fig.  5-17.  From  these  curves  other  relation¬ 
ships  may  be  derived.  The  inserts  in  the  figure,  for  example,  show 
gamma  and  fog  density,  both  as  functions  of  development  time.  Both 
are  seen  to  increase  with  increased  development.  If  development  is 
continued  long  enough,  fog  will  increase  to  such  an  extent  that  gamma 
will  begin  to  decrease. 

The  actual  values  shown  in  the  graphs  are,  of  course,  applicable  to 
only  one  particular  emulsion  and  developer  combination,  but  the  gen¬ 
eral  trends  indicated  by  these  curves  apply  to  many  emulsions  and  de¬ 
velopers. 
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DEVELOPMENT  TEMPERATURE 


The  density  of  the  image,  development  time  being  held  constant, 
varies  as  a  function  of  the  temperature  of  development.  The  relation¬ 
ships  for  three  photographic  materials  arc  shown  in  Fig.  5-18.  The 
higher  the  temperature,  the  more  rapid  is  the  development.  At  too  high 
a  temperature,  however,  fogging  increases  considerably,  control  of  the 
development  becomes  difficult,  and  portions  of  the  emulsion  may  be 
washed  away.  Because  of  the  marked  effect  of  temperature  on  rate  of 


Temperature  (degrees  Fahrenheit) 

Fig.  5-18  Density  as  a  function  of  the  temperature  of  the  developer  for  three  pan¬ 
chromatic  films. 

development  and  because  the  different  layers  in  a  multilayer  film  may 
not  all  react  to  temperature  changes  in  the  same  way,  it  is  exceedingly 
important  that  the  temperature  of  the  developer  for  color  photography 
be  properly  controlled. 

Since  about  1933  considerable  experimental  work  has  been  done  to 
perfect  methods  of  rapid  processing  using  high  temperatures  (Crabtree, 
1949)  These  methods  are  particularly  important  in  motion-picture 
news  work  and  elsewhere  when  speed  of  photographic  development  or 
greater  capacity  of  output  for  limited  development  facilities  is  impor¬ 
tant.  Application  of  these  methods  to  color  photography  is  exceeding  y 

difficult. 


developer  formulas 

As  discussed  earlier,  the  developing  agent  and  the  alkali  or  pH  are 
the  main  factors  controlling  the  potency  of  a  developer  solution.  In 
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motion-picture  negative  development,  slow-working,  low-contrast  (level- 
opcrs  such  as  D-76  are  used.  The  formula  is  shown  in  (a)  of  ig.  5  ). 


Figure  5-19 


Water,  about  125°  F  (50°  C) 
Elon 

Sodium  sulfite,  desiccated 

Hydroquinone 

Borax,  granular 

Sodium  carbonate,  desiccated 

Potassium  bromide 

Citric  acid 

Potassium  metabisulfite 
Cold  water  to  make 


(a) 

(*) 

Developer 

Developer 

D-76 

D-16 

750  cc 

750  cc 

2.0  grams 

0.3  gram 

100.0  grams 

38.0  grams 

5.0  grams 

6.0  grams 

2.0  grams 

1.0  liter 

19.0  grams 
0.9  gram 
0.7  gram 
1.4  grams 
1.0  liter 

Fig.  5-19  Formulas  for  (a)  Kodak  developer  D-76  and  (b)  Kodak  developer  D-16. 


The  family  of  curves  representing  a  series  of  times  of  development  of  a 
motion-picture  negative  film  in  this  developer  is  shown  in  Fig.  5-20. 


Fig-  5 '20  Family  of  II  &  D  curves  corresponding  to  different  development  times 
for  a  motion  picture  negative  film  with  developer  D-76.  Development  times  are 
5  min,  6y>  min,  9  min,  and  12  min. 

Motion-picture  positive  film  is  developed  to  a  much  higher  contrast 
m  a  developer  such  as  D-16  having  the  developer  formula  shown  in  (b) 
°  *^e  familY  characteristic  curves  for  different  times  of 

development  is  shown  in  Fig.  5  -21a.  To  compare  the  characteristics  of 
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Fig.  5-21  Family  of  H  &  D  curves  corresponding  to  different  development  times  for  a  motion-picture  positive  film 
with  (d)  developer  D-16  and  (b)  developer  D-76.  Development  times  are  2  min,  3  nun,  5  min,  and  8  min. 


the  two  developers,  a  family  of  curves  for  different  times  of  development 
of  the  motion-picture  positive  film  in  D-76  developer  is  shown  in  Fig. 

5  *  21b. 


reversal  process 

In  black-and-white  photography,  the  amount  of  silver  halide  reduced 
to  metallic  silver  in  each  small  area  of  the  film  is  roughly  proportional 
to  the  amount  of  light  to  which  the  area  is  exposed.  This  means 


Log  exposure 


Fig.  5-22  Reversal  II  &  D  curve  for  black-and-white  motion  picture  film. 

that  the  greatest  amount  of  light  yields  the  blackest  image.  In  the  final 
print,  the  blackest  area  should  correspond  to  the  least  light,  and  the 
lightest  area  to  the  greatest  amount  of  light.  The  print  to  be  viewed  is 
ordinarily  prepared  in  a  second  process,  which  is  essentially  that  of  re¬ 
photographing  the  original  film.  The  original  is  referred  to  as  the  nega¬ 
tive;  the  final  print  as  the  positive. 

A  similar  result  can  be  accomplished  in  a  single  film  by  reversal  proc¬ 
essing.  I  his  is  done  by  first  developing  the  original  silver  image  in  the 
usual  way.  This  negative  silver  is  then  dissolved  away  by  a  strong  oxi¬ 
dizing  agent  such  as  permanganate  or  bichromate.  Removal  of  the 
silver  must  be  accomplished  in  the  absence  of  any  halides  in  the  bleach, 
so  that  the  silver  actually  goes  into  the  solution  and  does  not  remain  in 
the  gelatin  as  silver  halide.  The  remaining  silver  halide  which  was  not 
developed  to  negative  silver  is  a  positive  image.  This  can  be  exposed 
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and  developed  to  form  a  positive  silver  image  giving  a  direct  positive  of 
the  original  subject  photographed.  The  silver  halide  may  also  be  re¬ 
duced  by  a  direct  fogging  developer  without  the  necessity  for  exposure. 

A  sensitometric  curve  for  a  reversal  process  is  shown  in  Fig.  5-22. 
Such  a  process  is  used  in  practically  all  the  16-mm  amateur  motion- 
picture  films. 

rone  Reproduction 

The  image  in  any  black-and-white  photograph  is  visible  because  of 
differences  in  lightness  among  the  various  regions  of  which  it  consists. 
If  the  image  in  the  reproduction  resembles  the  original  scene,  it  is  be¬ 
cause  lightness  as  a  variable  in  the  reproduction  bears  a  close  relation¬ 
ship  to  luminance  as  a  variable  in  the  original  scene.  Lightness  in  the 
photograph  is  usually  spoken  of  in  terms  of  “tone,”  and  the  correspond¬ 
ence  between  the  photograph  and  the  original  scene  from  which  it  is 
taken  in  terms  of  “tone  reproduction.” 

A  number  of  steps  are  involved  in  the  making  of  a  photographic  re¬ 
production.  The  negative  must  be  exposed  and  developed,  a  positive 
exposed  from  the  negative,  and  this  developed.  The  result  obtained  at 
each  of  these  steps  will  affect  the  appearance  of  the  final  positive.  It  is 
evident,  therefore,  that  in  studying  tone  reproduction  each  of  these 
steps  must  be  taken  into  account. 

GRAPHICAL  ANALYSIS  OF  TONE  REPRODUCTION 

Jones  (1931)  has  developed  a  graphical  method  for  such  studies  which 
is  illustrated  in  Fig.  5*23.  Along  the  line  OX  three  points  are  shown, 
d0,  b0,  and  c0,  which  correspond  to  the  logarithms  of  the  luminances  of 
three  areas  in  the  scene  being  photographed.  Curve  A  under  these 
three  points  is  the  H  &  19  curve  of  the  sensitive  material  on  which  the 
negative  is  made.  Vertical  lines  from  d0,  b0,  and  c0  intersect  the  curve 
at  On,  bn,  and  cn,  respectively,  the  corresponding  density  values  of  which 
may  be  read  off  the  Dn  scale  at  the  lower  right-hand  side  of  the  figure. 

The  characteristic  curve  of  the  positive  material  is  shown  as  B  in 
quadrant  III,  with  log  Iy  indicating  the  relative  exposure  scale,  and  D/ 
the  resulting  density  scale.  Horizontal  lines  drawn  from  a„,  b„,  and  cn 
to  this  curve  intersect  it  to  indicate  the  relative  densities  corresponding 
to  these  three  points  that  are  obtained  in  the  positive.  The  three  points 
are  then  transposed  through  the  fourth  quadrant  by  means  of  the 
straight  line  C,  so  that  their  relative  positions,  amr,  bmr,  and  cmr,  are 
unaltered  on  the  log  Bmr  (vertical)  axis  in  quadrant  I.  It  will  be  noted 
that  the  relative  positions  of  the  three  points  with  respect  to  each  other 
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are  not  exactly  the  same  as  they  were  originally,  with  a0,  b0,  and  c0.  If 
the  same  process  of  transformation  through  all  the  steps  were  to  be  o  - 
lowed  for  all  intervening  points,  and  horizontal  lines  along  the  log  B,nr 
scale  extended  to  meet  the  vertical  extension  from  the  log  B0  scale,  the 


locus  of  the  intersections  would  be  given  by  curve  D.  This  curve  then 
indicates  the  resulting  relative  luminance  that  would  be  obtained  from 
any  original  luminance.  If  the  relative  luminances  of  the  areas  corre¬ 
sponding  to  a0,  b0,  and  c0  were  the  same  in  the  positive  as  they  were 
originally,  the  reproductions  would  be  along  line  E,  or  a  line  parallel  to 
it,  as  indicated  by  aa,  ba,  and  c„.  The  relative  departures  from  exact 
tone  reproduction  obtained  through  processes  resulting  in  curve  D  can 
therefore  be  found  by  comparing  curve  D  with  line  E. 
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On  the  basis  of  the  above  analysis,  a  direct  comparison  of  the  relative 
luminances  in  the  final  reproduction  with  those  in  the  original  scene 
can  be  made.  As  presented  here,  many  details  of  the  steps  have  been 
left  out,  as,  for  example,  the  means  by  which  exposure  levels  arc  deter¬ 
mined  and  the  changes  that  might  be  brought  about  with  variations  in 
the  processing  of  the  negatives  or  positives.  The  general  method  itself 
is  also  simplified  through  a  tacit  assumption  that  the  relative  effective¬ 
ness  of  the  radiant  energy  leaving  various  portions  of  the  subject  is  the 
same  for  the  eye  as  for  the  emulsion  of  the  negative. 


Fig.  5*24  Graphical  method  for  the  analysis  of  tone  reproduction,  with  the  intro¬ 
duction  of  a  curve  (C)  to  correct  for  adaptation  level  differences  between  the  adap¬ 
tation  level  of  the  original  scene  and  that  in  which  the  reproduction  is  viewed  (Jones, 

1931,  p.  598). 


The  solution  as  given  so  far  applies  only  to  what  Jones  calls  the  objec¬ 
tive  aspects  of  the  problem.  The  comparative  visual  or  subjective  as¬ 
pects  of  the  reproduction  as  compared  to  the  original  scene  may  be 
somewhat  different.  Among  the  important  factors  determining  tins 
comparative  appearance  are  the  levels  of  illumination  used  in  the  two 
situations.  The  resulting  adaptation  states  of  the  eye  produce  different 
brightness-response  characteristics.  The  graphic  solution  which  at¬ 
tempts  to  take  these  response  characteristics  into  account  is  shown  in 
Fig  5*24.  The  solution  here  is  similar  to  that  of  Fig.  5-23,  except  tha 
a  straight  line  is  no  longer  used  in  quadrant  IV.  Instead,  a  curve  C 
designed  to  make  the  modifications  which  are  necessary  because  of  the 
differences  in  adaptation  level  is  introduced.  In  the  particular  case 
illustrated  the  luminance  is  supposed  to  be  relatively  high  for  the  view- 
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ing  of  the  original  scene,  and  much  lower  for  the  viewing  of  the  repro- 

duction.  . 

This  approach  cannot  correct  for  all  the  factors  which  lead  to  percep¬ 
tions  in  the  reproduction  differing  from  those  of  the  original  scene.  The 
type  of  solution  just  described  merely  provides  a  means  for  introducing 
one  simple  psychophysical  function  into  the  study  of  tone  reproduction. 
The  analysis  need  not  be  restricted  to  four  quadrants.  Additional  psy 
chophysical  functions  or  photographic  operations  may  be  introduced  by 
adding  quadrants  as  needed. 

If  the  characteristic  curves  of  the  various  photographic  emulsions 
could  be  expressed  by  analytical  functions,  the  tone-reproduction  studies 
could  be  made  analytically  rather  than  graphically.  So  far  as  the 
straight-line  portions  of  the  sensitometric  curves  alone  are  concerned, 
this  is  a  simple  matter.  Any  such  line  can  be  represented  by  an  equa¬ 
tion  in  the  general  form  of  D  =  y  log  E  -f  K.  Such  equations  will  be 
made  use  of  frequently  in  later  sections  in  connection  with  color  photo¬ 
graphic  processes.  Equations  which  are  fully  equivalent  to  the  actual 
relationships  found,  however,  are  mathematically  much  more  compli¬ 
cated.  Functional  relationships  in  which  high  precision  is  sought  are 
therefore  often  more  conveniently  handled  graphically  than  analytically. 


TONE  REPRODUCTION  AND  PRINT  QUALITY 

A  study  of  tone  reproduction  indicates  relationships  between  the 
original  scene  and  the  reproduction  but  gives  no  direct  information  as 
to  which  reproductions  are  best,  or  why.  Such  matters  are  usually  dis¬ 
cussed  in  terms  of  “acceptable  reproductions.”  The  limits  of  “accepta¬ 
bility”  are  somewhat  vague,  depending  upon  the  particular  standards  in 
any  given  situation.  Many  factors  are  involved,  and  the  exact  natures 
of  most  of  them  arc  not  well  understood.  Some  of  these  arc  psycho¬ 
logical  factors,  of  the  type  discussed  in  Chapters  III  and  IV. 

In  studying  print  quality  in  black-and-white  processes,  Jones  and  some 
of  his  associates  had  a  number  of  prints  prepared  from  negatives  made 
at  different  exposure  levels,  and  for  various  contrasts  of  the  positive 
printing  paper,  for  each  of  130  outdoor  scenes.  About  30  different  ob- 
servers  were  asked  to  judge  the  print  quality  of  each  of  the  sets  As  a 
result  of  some  30,000  choices  made  by  these  observers  a  number  of  con¬ 
clusions  were  reached  concerning  methods  for  obtaining  good  print 
quality.  Two  of  the  most  important  ones  were:  (1)  the  measurable 
characteristic  of  a  negative  that  gives  the  best  criterion  of  correct  print¬ 
ing  exposure  is  minimum  negative  density,  that  of  the  extreme  shadow 
region  of  the  original  scene;  (2)  the  part  of  the  total  available  exposure 
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scale  of  a  positive  material  that  is  useful  in  making  a  print  extends  from 
the  extreme  toe  to  the  edge  of  the  shoulder  region  (Jones,  1944,  p.  87). 

One  outgrowth  of  the  study  of  the  relationships  between  sensitometric 
characteristics  and  print  quality  was  the  recommendation  that  the  speed 
of  a  negative  film  be  defined  in  terms  of  the  log  E  corresponding  to  the 
point  on  the  H  &  D  curve  with  a  slope  which  has  a  certain  ratio,  K,  to 
the  average  slope  extending  from  this  point  to  one  with  a  log  exposure 
greater  by  1.50  (Jones,  1939;  Jones  and  Nelson,  1940).  This  recommen¬ 
dation  was  adopted  by  the  American  Standards  Association  (1947).  The 
recommended  log  scale  length  of  1.50  (luminance  ratio  of  30:1)  repre¬ 
sents  the  approximate  average  of  the  luminance  scale  lengths  of  various 
scenes  as  imaged  on  films  through  types  of  camera  lenses  which  are  in 
general  use  (Jones  and  Condit,  1941).  The  value  assigned  to  K  was 
0.30  (see  Jones  and  Nelson,  1942,  1948;  Jones  and  Condit,  1948,  1949). 

Additional  psychophysical  studies  of  this  sort  may  be  expected  in  the 
future  to  give  a  great  deal  of  information  about  the  desirable  charac¬ 
teristics  of  photographic  materials. 

Structure  of  the  Developed  Image 

The  photographic  emulsion  is  composed  of  tiny  individual  crystals  of 
silver  halide.  These  lead  to  tiny  individual  particles  of  metallic  silver. 
The  lack  of  homogeneity  in  the  emulsion  and  in  the  developed  image 
results  in  a  number  of  fine  structure  characteristics. 


GRAININESS  AND  GRANULARITY 

If  a  developed  photographic  emulsion  is  magnified  until  the  individual 
grains  become  visible,  the  image  is  seen  to  consist  of  irregularly  spaced 
light  and  dark  areas. 

An  area  of  the  film  of  higher  density  differs  from  one  of  lower  density 
in  the  relative  portion  of  the  area  covered  by  the  dark  grains,  rather 
than  in  a  difference  in  transmission  of  the  grains  in  the  two  areas.  At 
a  high  magnification  the  image  would,  of  course,  have  a  granular  appear¬ 
ance  which  would  bear  little  apparent  relationship  to  the  image  as 

normally  seen  in  a  photograph.  ,  .  i 

At  magnifications  considerably  less  than  those  in  which  the  individual 

grains  can  be  seen  there  still  are  irregular  variations  in  the  amounts  of 
light  transmitted  by  the  small  areas  of  the  film  The  nature  o  ese 
variations  is  schematically  illustrated  in  Fig.  5-25,  where  density  and 
transmittance  are  plotted  as  functions  of  distance  across  a  sample 
These  variations  are  due  in  part  to  the  blocking  action  of  individual 
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grains,  as  just  mentioned;  possibly  to  some  clumping  of  grains,  forming 
larger  aggregates;  and  probably,  most  important,  to  the  random  patterns 
produced  by  the  overlapping  of  developed  grains  at  different  depth 
within  the  emulsion.  The  last  appears  as  a  clumping  effect,  though 
actually  the  grains  may  be  well-separated. 


Fig.  5-25  Schematic  illustration  of  density  and  transmittance  variations  of  a  silver 
image  (Jones  and  Higgins,  1946,  p.  204). 

The  sensation  or  impression  of  nonuniformity  in  a  photographic  de¬ 
posit  is  called  graininess.  It  is  commonly  measured  in  terms  of  the 
magnification  of  an  image  which  is  necessary  before  the  inhomogeneities 
appear  or  in  terms  of  the  distance  from  which  a  magnified  image  can  be 
viewed  without  the  appearance  of  the  inhomogeneities.  These  two 
methods  of  investigation  do  not  always  give  results  which  are  equivalent. 
The  Jones-Deish  apparatus,  involving  distance  variation,  was  used  for 
many  years  for  graininess  measurements  (Mees,  1942,  p.  840).  A  more 
recent  instrument  involving  variable  magnification  has  been  described 


tic.  5-26  Variable  magnification  instrument  for  measuring  graininess  (Tones  and 
Higgins,  1951,  p.  42).  ' 

by  Jones  and  Higgins  (1951)  and  is  illustrated  in  Fig.  5-26.  The  instru¬ 
ment  consists  of  two  distinct  parts,  a  projector  and  an  observation  room 
I  he  projector  E  .s  mounted  on  rails  H.  By  means  of  a  roller  chain  F 
and  a  motor  M  the  projector  can  be  moved  back  and  forth  on  the  rails, 
he  magnification  of  the  projected  image  in  the  test  field  at  A  depends 
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upon  the  distance  of  the  projector  from  the  test  field.  The  light  in¬ 
tensity  of  the  image  at  A  is  maintained  constant  by  means  of  a  variable 
density  wedge  in  the  light  beam  path,  which  compensates  for  the  vari¬ 
ations  in  distance  from  the  screen.  Automatic  focusing  is  maintained 
by  means  of  a  special  cam  which  controls  the  position  of  the  projection 
lens. 


The  observer  is  seated  at  O  in  the  observation  room,  at  a  distance  of 
about  2  meters  from  the  test  field  A.  The  test  field,  of  2°,  is  surrounded 
by  an  annular  border  B,  of  6°,  and  a  large  area  stabilizing  field  C.  The 
peripheral  fields,  including  the  walls,  the  ceiling,  and  the  floor,  are  fin¬ 
ished  in  matte  white,  high-reflectance  paint. 

The  observer  making  the  graininess  measurements  controls  the  motor 
of  the  carriage  by  means  of  a  double  throw  switch.  During  the  motion 
of  the  carriage  an  occulting  device  destroys  the  definition  of  the  test 
field.  The  observer  alters  the  magnification  until  graininess  is  just  per¬ 
ceptible  in  the  test  field.  He  then  depresses  a  push  button  which  causes 
the  automatic  recording  of  the  position  of  the  projector  carriage  on  a 
paper  tape.  Values  of  graininess  are  expressed  in  units  proportional  to 
the  reciprocal  of  the  magnification  at  which  the  graininess  is  just  per¬ 
ceptible. 

Graininess  increases  almost  linearly  with  the  grain  size  of  the  emul¬ 
sion.  Graininess  also  has  a  marked  relationship  to  density,  being  low 
at  low  densities,  passing  through  a  maximum  at  a  density  of  approxi¬ 
mately  03,  and  dropping  off  slowly  at  higher  densities.  The  densitv- 
graininess  function  is  illustrated  for  several  different  emulsions  in  Fig. 


5-27.  .  .  .  u  ,  . 

As  the  appearance  is  obviously  due  to  inhomogeneities  in  the  densi¬ 
ties  of  emulsion,  it  would  seem  that  graininess  could  be  directly  cor¬ 
related  with  some  physical  measurement  of  this  inhomogeneity,  thus 
rendering  direct  visual  measurements  unnecessary.  The  term  used  to 
designate  these  spatial  variations  in  the  transmitting  or  reflecting  prop¬ 
erties  of  the  developed  photographic  image  is  granularity.  Thus,  al¬ 
though  the  terms  graininess  and  granularity  refer  to  the  same  general 
property  of  an  emulsion,  they  are  not  identical;  graininess  refers  to  the 
psychophysical  aspect,  and  granularity  to  the  physical.  Also,  as  is  true 
for  many  such  pairs  of  terms,  in  practice  they  may  mean  quite  differen 


(ones  and  Higgins  (1945,  1946,  and  1947)  have  studied  a  number 
of  methods  which  have  been  suggested  for  measuring  granularity 
Granularity  had  been  defined  by  different  investigators  as:  (  )  variations 
in  the  trace  made  by  a  microphoto, neter,  (2)  power  of  a  photographic 


deposit  to  obscure  fine  detail,  (3)  the  Callier  coefficient,  O  specular 
density/diffuse  density),  (4)  log  Q,  (5)  average  difference  in  transmit¬ 
tance  between  adjacent  areas  in  a  film,  (6)  standard  deviation  of  rela^ 
five  transmittances  of  small  areas,  and  (7)  the  standard  deviation  of 
density  from  the  mean  multiplied  by  the  square  root  of  twice  the  scan¬ 
ning  area.  After  rather  exhaustive  tests,  [ones  and  Higgins  found  that 
none  of  these  measures  correlated  well  with  graininess,  graininess  being 
measured  by  means  of  the  Jones-Deisch  apparatus.  They  concluded 


Fig.  5-27  Graininess  as  a  function  of  density  for  different  photographic  emulsions; 
(a)  x-ray,  ( b )  fast  panchromatic  negative,  (c)  medium-speed  panchromatic  negative, 
(d)  fast  blue-sensitive  positive,  (e)  slow  panchromatic  negative,  (/)  slow  blue-sensitive 
positive,  (g)  slow  panchromatic  positive,  ( h )  very  slow  panchromatic  negative,  (t) 
very  slow  high-contrast  orthochromatic  negative  (Jones  and  Higgins,  1945,  p.  447). 

that  granularity,  as  measured  according  to  some  of  these  definitions, 
measures  some  of  the  factors  which  affect  graininess,  but  that  other, 
unmeasured  factors  are  also  involved. 

In  order  to  obtain  a  measure  of  granularity  which  would  correlate 
well  with  graininess,  Jones  and  Iliggins  (1946,  p.  220;  1947,  pp.  248- 
249)  have  suggested  that  the  most  promising  procedure  would  be  to 
evaluate  granularity  in  terms  of  the  frequency  of  occurrence  of  a  mini¬ 
mum  difference  in  density  or  transmittance  between  pairs  of  surface 
elements  of  the  sample,  the  two  members  of  each  pair  of  elements 
being  of  equal  area  and  immediately  adjacent  to  each  other.  The  size 
of  the  surface  element  used  in  the  determination  should  be  related  in 
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some  definite  manner  to  the  size  of  the  central  fovcal  cones  of  the 
human  eye,  the  most  probable  size  being  that  for  which  the  projected 
image  is  very  nearly  equal  to  that  of  the  central  retinal  cones. 


PHOTOGRAPHIC  TURBIDITY 

If  an  opaque  plate  covers  a  portion  of  a  photographic  film  and  the 
remainder  of  the  film  is  given  an  exposure,  the  developed  image  result¬ 
ing  from  this  exposure  will  not  stop  sharply  at  the  edge  of  the  cover¬ 
ing  plate,  but  will  extend  an  appreciable  distance  into  the  region  be¬ 
neath  it.  The  portions  of  the  image  which  arc  formed  under  the  plate 
are  due  to  diffusion  of  light  as  it  passes  through  the  emulsion,  the 
diffusion  being  due  to  the  emulsion  turbidity.  The  nature  and  amount 
of  the  diffusion  depend  considerably  upon  the  sizes  of  the  grains  and 
their  distances  apart.  In  emulsions  composed  of  large  grains  the  chief 
factors  causing  diffusion  are  refraction  and  reflection  by  the  grains. 
The  amount  of  diffusion  in  this  case  is  practically  independent  of  wave¬ 
length  and  of  depth  into  the  emulsion.  In  emulsions  composed  of 
small  grains  diffraction  and  Rayleigh  fourth-power  scattering  are  of 
greater  importance.  Both  diffraction  and  scattering  increase  at  shorter 
wavelengths,  and  with  depth  into  the  emulsion. 

Image  spreading  due  to  diffusion  of  the  exposing  light  is  called  photo¬ 
graphic  turbidity.  Such  image  spreading  depends  on  the  optical  tur¬ 
bidity  of  the  emulsion,  its  opacity  to  the  effective  light,  and  its  density- 
exposure  relations  as  indicated  by  the  II  &  D  curve.  One  procedure 
commonly  employed  for  determining  photographic  turbidity  is  to  ex¬ 
pose  the  emulsion  under  test  through  a  continuous-tone  density  wedge 
and  a  slit  of  uniform  width.  Enlargements  of  a  few  such  photographs 
are  shown  in  Fig.  5-28.  Photographic  turbidity  is  defined  as  the  in¬ 
crease  in  image  width  as  a  function  of  increase  of  light  intensity  along 

the  slit,  or 

T  =  dx/[d(\og  E)\  (5-8) 

where  E  is  the  exposure  at  different  points  along  the  slit,  and  x  is  the 
image  width  corresponding  to  each  exposure  (sec  Mees,  1942,  pp. 

888-889). 


adjacency  effects 

A  sharply  defined  edge  between  regions  of  different  exposure  gives 
rise  to  differing  development  conditions  across  the  edge.  jesu  g 
effects  are  illustrated  in  the  schematic  drawing  shown  in  the  upper  pa 
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Fig.  5-28  “Tadpoles”  obtained  by  exposing  emulsion  through  a  continuous-tone  density  wedge  and  a  slit  of  uniform  width  (Mees, 
1942,  p.  873). 


of  I*  ig.  5  •  29,  and  in  the  graph  of  the  densities  in  the  vicinity  of  the 
edge  shown  in  the  lower  portion  of  the  same  figure.  At  point  A  the 
density  change  is  not  abrupt,  owing  to  emulsion  turbidity.  The  density 
is  higher  at  the  edge  of  the  region  of  greater  exposure,  at  B,  than  in 
the  regions  farther  from  the  edge.  During  development  the  area  of 
greater  exposure  develops  a  high  concentration  of  oxidation  products  and 
uses  up  the  developer.  At  the  edge  of  the  image,  however,  some  fresh 
developer  diffuses  in  laterally  from  the  region  of  less  exposure,  pre¬ 
venting  the  decrease  of  development,  and  therefore  resulting  in  a  higher 
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Fig.  5*29  Upper:  Schematic  drawing  of  cross  section  of  developed  film  which  has 
received  different  exposures  on  the  two  sides  of  a  sharp  edge  in  the  position  of  A. 
Lower:  Graph  of  density  measurements  in  the  vicinity  of  this  edge  (R.  S.  Barrows 
and  R.  N.  Wolfe,  private  communication). 

density.  Likewise,  some  of  the  more  nearly  exhausted  developer,  con¬ 
taining  released  halide,  diffuses  laterally  away  from  this  edge  and  de¬ 
creases  the  rate  of  development  of  the  lower  exposed  region,  causing 
the  lower  density  at  C.  In  the  past,  various  aspects  of  this  phenome¬ 
non  have  been  called  the  Eberhard  effect,  Mackie  line,  and  bromide 
drag.  Less  ambiguity  is  involved,  however,  if  they  are  grouped  to¬ 
gether,  in  which  case  they  can  be  called  neighborhood  effects  (Mccs, 
1942,  p.  875)  or  adjacency  effects  (Wolfe  and  Barrows,  1947,  p.  554). 

Such  effects  are  greatly  influenced  by  the  emulsion  type,  developer 
type,  and  conditions  of  development  (Mees,  1942,  pp.  871-889).  In 
some  cases  the  effects  are  so  small  it  requires  microinvestigation  to 
observe  them.  In  others  the  effects  are  so  large  that  they  are  immedi¬ 
ately  evident  in  observing  a  photograph  and  play  a  very  important 

part  in  the  apparent  quality  of  the  picture.  .  . 

In  small  areas  the  adjacency  effects  may  extend  sufficiently  far  into 
the  centers  of  the  areas  to  increase  their  densities  throughout.  In 
larger  areas  the  more  centrally  located  portions  are  not  thus  affected. 
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Therefore,  small  areas  may  have  greater  densities  than  larger  areas 

which  have  received  equal  exposures. 

Directional  effects  also  may  occur  when  film  is  developed  m  a  co  - 
tinuous-processing  machine  or  dipped  into  a  tank  wit^t^iate 
agitation.  From  areas  of  high  exposure  and  development,  exhausted 
developer  may  flow  down  or  backwards,  causing  streaks  of  reduced 
development  and  therefore  lower  density.  In  most  cases  adequate  agi¬ 
tation  will  eliminate  directional  effects. 

Under  certain  circumstances  the  development  process  may  perma¬ 
nently  alter  the  geometrical  characteristics  of  the  gelatin  so  that  images 
are  changed  in  size,  or  the  distances  between  pairs  of  small  images  are 
altered.  This  type  of  effect  sometimes  must  be  carefully  guarded 
against  or  taken  into  account,  particularly  in  fields  such  as  astronomi¬ 
cal  photography. 


sharpness 

The  rate  of  change  in  density  as  a  function  of  distance  across  the 
edge  of  a  knife-edge  of  exposure  is  a  measure  of  what  is  called  “sharp¬ 
ness.”  Sharpness,  S,  is  therefore  (Mees,  1942,  p.  891): 


S  = 


dD 

lx 


(5-9) 


and  corresponds  to  the  slope  of  the  curve  shown  in  Fig.  5-29.  Sharp¬ 
ness  is  a  function  of  the  emulsion  turbidity,  the  adjacency  effects,  the 
H  &  D  characteristics,  and  a  number  of  other  variables.  As  the  change 
in  density  across  an  edge  is  not  always  linear,  the  sharpness  value  often 
is  also  a  function  of  the  density  level  at  which  it  is  measured. 


RESOLVING  POWER 

Resolving  power  is  defined  qualitatively  as  the  ability  of  a  photo¬ 
graphic  material  to  record  fine  detail.  In  terms  of  a  more  quantitative 
working  definition,  resolving  power  is  usually  taken  as  the  maximum 
number  of  lines  per  millimeter  which  can  be  distinguished  from  each 
other  in  the  photographic  material  when  a  suitable  test  object  consist¬ 
ing  of  large  numbers  of  lines  is  photographed. 

Several  different  forms  of  test  objects  which  have  been  used  in  re¬ 
solving  power  measurements  are  shown  in  Fig.  5-30.  Highly  trans¬ 
mitting  lines  are  separated  by  others  of  low  transmittance.  Through 
each  transmitting  area  an  exposure  is  given.  Owing  to  turbidity  of  the 
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emulsion  the  exposure  will  extend  slightly  beyond  the  focused  image 
of  the  transmitting  line.  Because  of  this  turbidity  and  various  ad¬ 
jacency  effects,  the  boundaries  between  the  lines  in  the  photograph  are 
not  nearly  so  sharp  as  in  the  original  test  object.  When  the  lines  are 
sufficiently  close  together,  their  densities  will  overlap  each  other  to  the 
extent  that  there  will  be  no  appreciable  reduction  in  density  between 
them,  thus  establishing  a  value  for  the  resolving  power. 

The  nature  of  the  test  object  considerably  influences  the  value  ob¬ 
tained  for  resolving  power.  Parallel-line-type  objects  give  considerably 
higher  readings  than  those  which  are  fan-shaped  (Ross,  1924,  p.  146). 
The  ratio  of  the  widths  of  the  lines  to  the  spaces  between  them  is  also 
important,  the  resolving  power  decreasing  almost  linearly  with  the  log¬ 
arithm  of  this  ratio  (Sandvik,  1927).  Most  of  the  test  objects  have 
now  been  standardized  to  have  spacings  between  the  lines  which  are 
equal  to  the  line  widths. 

Resolving  power  is  also  affected  by  the  contrast  of  the  test  object. 
As  the  contrast  increases  from  a  low  value,  the  resolving  power  increases 
rapidly,  and  asymptotically  approaches  a  maximum  when  the  ratio  in 
transmissions  of  the  two  areas  is  from  100  to  320  (Sandvik,  1928).  It 
also  varies  enormously  with  amount  of  exposure.  A  frequently  used 
procedure  is  to  investigate  test-object  contrast  and  exposure  level  and 
to  present  the  data  as  in  Fig.  5*31.  From  these  data  the  maximum 
value  can  be  determined  for  correlation  with  other  variables  under  inves¬ 
tigation. 

The  gamma  to  which  the  image  is  developed  also  affects  resolving 
power,  as  does  the  developing  agent,  other  constituents  of  the  developer 
solution,  and  the  developing  conditions  such  as  time  and  temperature 
of  development. 


Fig.  5 -30(d) 
2  l6 
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Ill  III  III 


Fig.  5 -30(d) 
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Fig.  5- 30(e) 

Fig  5-30  Test  objects  photographed  in  determining  resolving  power  {a)  fan  type, 
(b)  variable  line-separation  type,  (c)  constant  line/space  ratio  type,  (d)  varying  line/ 
space  ratio  type,  and  (e)  negative  or  reversal  of  (c). 
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It  is  evident  that  the  measured  value  of  resolving  power  vanes  with 
almost  every  conceivable  alteration,  not  only  in  the  emulsion  but  also 
in  the  exposing  and  developing  procedure.  If  a  single  number,  in 


(“) 


Log  contrast  of  test  object 


Fig.  5-31  Resolving  power  as  functions  of  (a)  log  exposure  for  object  contrasts  of 
2:1,  8:1,  and  1,000:1,  (b)  log  contrast  of  the  test  object  (J.  H.  Altman,  F.  Perrin, 
and  L.  A.  Jones,  private  communication). 

terms  of  lines  per  millimeter,  is  given  as  the  resolving  power  for  a  par¬ 
ticular  photographic  material,  it  is  evident  that  this  number  can  apply 
only  under  one  set  of  conditions. 


HALATION 

Another  factor  causing  an  increase  in  the  size  of  an  image  beyond 
the  size  of  the  area  of  incident  exposure  is  halation.  Halation  is  due 
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to  light  reflected  from  the  film  support  as  illustrated  in  Fig.  5-32.  If 
the  emulsion  is  in  good  optical  contact  with  the  support,  there  will  be 
little  or  no  reflection  from  the  surface  between  them.  The  index  of 
refraction  of  the  support  is  appreciably  higher  than  that  of  air,  how¬ 
ever,  and  at  its  back  surface  there  will  be  internal  reflection.  As  is 
true  for  internal  reflection  in  any  medium,  the  percentage  of  reflection 
will  depend  upon  the  angle  of  incidence  of  the  light  at  the  surface. 


Fig.  5-32  Diagrammatic  representation  of  the  various  paths  taken  by  portions  of 
a  beam  of  light  incident  upon  the  surface  of  a  photographic  emulsion. 


At  small  angles,  with  the  incident  beam  close  to  the  normal,  there  is 
little  reflection.  As  this  angle  increases,  the  percent  reflected  increases 
until,  for  angles  equal  to  or  greater  than  the  critical  angle,  all  the  light 

is  reflected. 

For  a  small  area  of  incident  film  illumination  the  exposure  due  to 
the  internally  reflected  light  is  ordinarily  below  the  threshold  value 
unless  the  primary  area  is  greatly  overexposed.  As  this  area  increases, 
however,  the  cumulative  secondary  exposure  is  often  sufficient  to  give 
a  halo  of  appreciable  density.  On  thinly  coated  films,  or  others  of  low 
absorption,  the  halation  effects  are  more  pronounced  than  they  are  on 
those  of  higher  absorption. 

Halation  can  be  prevented  by  an  opaque  or  strongly  absorbing  layer 
on  the  back  of  the  support.  To  be  most  effective  this  coating  should 
have  an  index  of  refraction  close  to  that  of  the  film  support.  It  is  called 
an  antihalation  layer  and  is  used  on  almost  all  photographic  films. 
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physical  characteristics  as  related  to 

PICTURE  QUALITY 

Photographic  materials  are  used  for  a  variety  of  purposes  such  as 
making  everyday  pictures,  motion  pictures,  line  copies  of  drawings, 
half-tone  work  for  printing  plates,  and  the  like.  Each  of  these  uses 
has  a  certain  set  of  requirements.  Tone-reproduction  studies  and  simi¬ 
lar  investigations  are  used  to  establish  the  sensitometric  requirements. 
Fine-structure  characteristics  are  also  quite  important  Line-copy 
photographs  must  be  adequately  “readable”  or  “visible.’  A  picture 
must  be  adequately  “sharp”  or  must  have  satisfactory  “definition.”  It 
might  be  assumed  that  a  physical  characteristic  of  the  photographic 
image  such  as  sharpness  or  resolving  power  would  adequately  correlate 
with  the  appearance  of  the  result  so  that  it  could  be  used  to  describe 
the  ability  of  the  emulsion  to  record  the  required  detail  properly.  In 
this  connection  particularly,  the  term  resolving  power  has  a  useful 
sound.  The  resolving  powers  of  various  emulsions  are  frequently 
quoted  by  the  manufacturers.  Although  such  quotations  never  state 
that  this  characteristic  specifically  correlates  with  picture  quality  or 
applicability  of  the  emulsion  for  a  given  use,  such  a  correlation  is  often 
reasonably  inferred  from  the  fact  that  the  data  are  published. 

General  experience  over  many  years  has  shown  that  there  is  a  rough 
correlation  between  resolving  power  and  the  ability  of  an  emulsion  to 
record  visible  detail,  but  no  study  has  been  published  which  gives  a 
quantitative  relationship  between  picture  sharpness  and  measurements 
of  any  of  the  physical  characteristics  of  the  image  structure.  Until 
such  a  study  has  been  made  there  can  be  no  adequate  method  of  ex¬ 
pressing  the  ability  of  a  given  emulsion  to  reproduce  fine  detail. 

The  actual  studies  which  have  been  made  indicate  that  there  are 
a  number  of  conditions  under  which  resolving-power  ratings  of  a  series 
of  emulsions  will  not  rank  them  in  the  same  order  as  will  picture  sharp¬ 
ness  ratings.  Thus,  although  picture  sharpness,  resolving  power,  photo¬ 
graphic  turbidity,  sharpness,  and  other  such  measurable  quantities  are 
all  closely  interrelated  and  dependent  on  a  number  of  the  same  vari¬ 
ables,  the  exact  relationship  among  them  has  not  yet  been  established. 
It  is  quite  unwise  to  assume  that  any  quoted  value  of  resolving  power 
or  any  other  physical  measurement  of  the  image  is  a  statement  of  how 

a  given  emulsion  will  record  fine  detail  or  how  sharp  the  picture  will 
appear. 
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EXPOSURE  THROUGH  A  FILM  HAVING  FINE 
STRUCTURE 


In  exposing  a  print  through  a  negative,  the  densities  which  result 
depend  upon  the  fine  structure  of  the  negative  as  well  as  upon  the 
integrated  amounts  of  light  which  it  transmits. 

Suppose  that  two  negatives  are  available,  each  with  a  minimum 
density  of  zero  and  a  maximum  of  2.0.  One  of  the  negatives  is  com¬ 
pletely  uniform,  devoid  of  any  fine  structure.  The  other  has  very 
marked  fine  structure,  so  small  that  it  cannot  be  resolved  by  the  eye, 
but  of  such  a  nature  that  at  any  point  this  negative  transmits  either  a 
full  100  percent  or  only  1  percent.  If  there  was  a  fairly  sizable  area  on 
each  of  these  films  which  transmitted  50  percent  of  the  light  incident 
on  it,  then  these  two  areas  would  be  identical  visually  and  each  would 
give  a  density  reading  of  0.30  on  a  standard  densitometer.  In  the  con¬ 
tinuous-tone  negative  the  absorption  would  take  place  equally  through¬ 
out  the  region,  whereas,  in  the  negative  containing  fine  structure,  about 
49.5  percent  would  pass  through  at  points  where  there  was  no  absorp¬ 
tion  and  the  other  0.5  percent  would  pass  through  at  points  where  there 
was  maximum  absorption. 

Suppose,  now,  that  a  positive  print  is  made  from  each  of  these  nega¬ 
tives  onto  a  material  with  an  idealized  straight-line  characteristic  curve 
which  gives  a  density  equal  to  the  log  exposure.  If  the  exposure  is  so 
adjusted  that  the  maximum  density  of  2.0  in  the  negative  gives  a  density 
which  is  just  perceptible  in  the  positive,  then  the  print  from  the  density 
region  of  0.30  in  the  continuous-tone  negative  would  have  a  density  of 
1.70.  For  the  negative  with  the  fine  structure,  the  result  would  be 
quite  different.  In  this  case  nearly  half  of  the  area  on  the  positive 
would  yield  a  density  of  2.0,  and  the  remainder  a  density  of  0.0.  These 
would  combine  to  give  a  total  transmittance  of  about  51  percent,  or  a 

density  of  0.29. 

Similar  analyses  for  regions  of  other  densities  in  the  negatives  show 
similar  differences.  Plots  of  the  densities  in  the  positives  resulting 
from  given  densities  in  the  two  types  of  negatives  are  given  in  Fig. 
5*33.  For  very  high  and  for  very  low  densities  the  results  are  about 
the  same,  but,  in  the  intervening  densities,  the  results  are  quite  different. 

This  example  is  extreme  in  that  the  fine  structure  of  the  negative  is 
assumed  to  be  either  1  percent  or  100  percent  transmitting  with  no 
intermediate  conditions.  In  a  normal  grainy  emulsion  such  as  was 
illustrated  in  Fig.  5-2,  the  differences  are  less  marked  and  would  intro¬ 
duce  no  such  exposure  effects.  However,  in  photographing  fine  pat- 
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terns,  as  for  example  certain  fabrics,  the  area  effect  may  become  quite 

'^^fine-structure  characteristics  of  the  deposit  may  also  affect  the 
exposure  obtained  in  a  print  because  of  reciprocity  failure.  A  hig  - 
density  deposit  may  contain  a  few  minute  areas  of  high  transmission. 
Exposure  through  such  a  deposit  would  be  at  a  much  higher  intensi  y 
level  than  that  predicted  from  the  average  transmission  of  the  deposit. 


Fig.  5-33  Densities  resulting  from  exposures  through  (a)  continuous-tone  negative 
and  ( b )  half  tone  negative. 

The  entire  problem  may  be  summarized  by  stating  that  the  integrated 
transmission  of  any  area  of  nonuniform  transmission  cannot  by  itself 
be  used  to  predict  the  effective  exposure  that  will  result  from  it.  For 
example,  the  tone-reproduction  diagram,  such  as  is  shown  in  Fig.  5-23, 
may  for  these  reasons  lead  to  incorrect  results  if  a  grainy  negative  is 
used. 

In  color  photography  the  effect  is  also  of  considerable  importance. 
One  of  its  aspects  is  of  particular  interest.  A  black-and-white  checked 
fabric,  in  which  the  individual  homogenous  areas  are  quite  small,  will 
photograph  as  gray,  regardless  of  the  color  balance  of  the  color  film. 
A  uniform  gray  of  about  the  same  average  reflectance  as  the  black-and- 
white  check  will  often  give  quite  a  different  color  when  photographed 
with  the  same  film. 
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Color  Response  of 
Photographic  Materials 


CHAPTER  VI 


HE  response  which  will  result  when  a  given  emulsion  is  acted 


upon  by  a  given  amount  of  radiant  energy  is  determined  by  the 


spectral  quality  of  the  radiant  energy,  the  “spectral  sensitivity  distri¬ 
bution’'  of  the  emulsion,  the  development  conditions,  and  a  variety 
of  other  variables.  In  practice  most  of  these  variables  are  held  constant 
during  testing  procedures  and  the  “speed  of  a  given  film  is  deter¬ 
mined  and  specified  with  respect  to  a  given  radiant-energy  spectral  dis¬ 
tribution.  Methods  of  determining  and  specifying  speed  were  de¬ 
scribed  in  Chapter  V. 


In  color  photography  one  is  dealing  with  the  response  of  photo¬ 
graphic  emulsions  to  a  variety  of  spectral  energy  distributions.  Conse¬ 
quently,  the  spectral  sensitivity  distribution  of  the  emulsion  and  the 
factors  which  influence  it  are  of  a  great  deal  of  interest.  In  many  cases 
the  absolute  level  of  sensitivity  at  a  given  wavelength  is  of  less  impor¬ 
tance  than  the  relative  sensitivities  at  the  different  wavelengths. 


Spectral  Sensitivity 


The  sensitivity,  s,  of  a  photographic  emulsion  at  any  wavelength,  A, 
is  usually  defined  as: 


(6-1) 


s  =  k{\/U\) 


where  Ux  is  the  amount  of  incident  energy  per  unit  of  film  area  at 
the  wavelength  A  which  is  necessary  to  produce  a  given  density,  L  o- 
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Do  may  be  selected  as  1.0,  0.1,  or  any  other  convenient  value.  Sensi¬ 
tivity  distributions  obtained  for  different  values  of  D„  generally 
similar  but  not  exactly  the  same. 


UNSENSITIZED  EMULSIONS 

One  of  the  basic  principles  of  photochemistry,  and  a  corollary  of  the 
law  of  conservation  of  energy,  is  that  only  light  which  is  absorbed  by 
a  given  material  can  play  a  part  in  a  photochemical  reaction;  that 
which  is  transmitted  or  reflected  can  have  no  effect.  Thus  one  would 
expect  the  spectral  sensitivity  distribution  of  a  silver  halide  emulsion 
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Fig.  6-1  Spectral  sensitivity  distributions  (solid  lines)  and  absorption  distributions 
(broken  lines)  of  (a)  silver  chloride,  (b)  silver  bromide,  (c)  silver  iodide,  and  ( d ) 
silver  iodobromide  (Mees,  1942,  pp.  962-963,  and  Iluse  and  Meulendvke,  1926, 
P.  307). 

to  be  related  to  its  spectral  absorption  characteristics.  That  this  is  true 
is  illustrated  by  the  curves  of  Fig.  6T  where  the  relative  sensitivitv  dis¬ 
tributions  of  (a)  silver  chloride,  (b)  silver  bromide,  (c)  silver  iodide,  and 
(d)  silver  iodobromide  are  compared  with  the  corresponding  absorp¬ 
tion  curves.  1  he  broken  lines  of  this  figure  represent  the  spectral 
absorption  curves.  Silver  chloride  is  almost  colorless  and  is  sensitive 
only  to  the  ultraviolet  and  the  extreme  violet.  Silver  bromide  is  pale 
yellow  and  is  sensitive  well  into  the  blue.  Mixed  crystals  of  silver 
chlorobromide  have  sensitivity  distributions  intermediate  between  these. 
Silver  iodobromide  emulsions  are  sensitive  to  somewhat  longer  wave¬ 
lengths,  the  sensitivities  in  these  regions  being  greater  than  those  of 
either  pure  bromide  or  pure  iodide. 
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Spectral  absorption  curves  and  sensitivity  distributions  will,  in  gen¬ 
eral,  not  be  exactly  the  same  because  all  the  absorbed  light  is  not 
equally  effective  in  rendering  silver  halide  grains  developable.  The 
problem  probably  should  be  considered  on  a  quantum  basis  rather 
than  a  straight-energy  basis.  At  the  highest  possible  efficiency,  which 
some  emulsions  are  believed  to  approach  closely,  each  absorbed  quan¬ 
tum  results  m  the  loss  of  an  electron  from  a  bromide  ion  and  a  subse¬ 
quent  gain  of  this  electron  by  a  silver  ion  to  produce  a  silver  atom. 
1  his  is  true  despite  the  fact  that  the  energy  associated  with  a  quantum 
of  energy  in  the  red  end  of  the  spectrum  is  less  than  half  of  that  for  a 
quantum  in  the  blue  or  ultraviolet.  This  rule  does  not  apply  in  the 
x-ray  region,  where  the  quantum  yield  is  somewhat  higher,  nor  possibly 
in  the  infrared  where  it  may  be  lower. 

The  amount  of  density  which  will  result,  after  development,  from 
any  given  number  of  reduced  silver  atoms  will  depend  upon  their 
locations  within  the  silver  halide  grains,  their  distribution  among  the 
grains,  and  the  grain  sizes.  The  primary  effect  of  variations  in  these 
factors  is  to  give  differences  in  emulsion  speed,  but  to  some  extent  they 
may  also  affect  sensitivity  distribution.  For  example,  wavelengths  of 
light  which  are  highly  absorbed  tend  to  expose  a  greater  percentage 
of  grains  near  the  emulsion  surface,  whereas  those  which  are  less  highly 
absorbed  affect  grains  more  evenly  distributed  through  the  emulsion. 
With  increase  in  exposure,  the  relative  increase  in  number  of  exposed 
grains  is  greater  for  the  less  highly  absorbed  wavelengths,  thus  giving 
rise  to  small  differences  in  effective  sensitivity  distribution,  even  though 
the  spectral  distribution  of  the  absorption  remains  essentially  constant. 

CHEMICAL  SENSITIZING 

One  method  of  increasing  the  speed  of  a  given  emulsion  is  to  pro¬ 
mote  the  growth  of  development  centers  on  the  silver  halide  grains. 
Development  centers  occur  at  sensitivity  specks  which  in  turn  result 
from  the  reactions  of  silver  bromide  with  “chemical  sensitizers.”  The 
chemical  sensitizers  are,  in  general,  sulfur-containing,  organic  com¬ 
pounds  such  as  thiocarbamides  or  isothiocyanates. 

According  to  Sheppard  (1925;  1935,  p.  504),  a  necessary  condition 
for  a  compound  containing  sulfur  to  be  a  chemical  sensitizer  is  that 
it  will  combine  with  silver  halide  to  form  a  complex  which  can  decom¬ 
pose  in  situ  to  form  protonuclei  of  silver  sulfide.  Inorganic  sulfides, 
such  as  sodium  sulfide,  react  with  silver  halide  grains  but  appear  to 
form  a  uniform  deposit  of  silver  sulfide  over  the  surface  of  the  grain 
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rather  than  specific  specks.  These  inorganic  sulfides  promote  fog  but 

do  not  readily  sensitize  an  emulsion. 

Chemical  sensitizing  increases  the  speed  of  a  photographic  emulsion 

without  affecting  its  spectral  sensitivity  distribution. 

OPTICAL  SENSITIZING 

As  early  as  1873  it  was  observed  that  the  addition  of  certain  dyes 
to  silver  halide  gelatin  emulsions  would  extend  their  sensitivities  into 
the  green  or  red  regions  of  the  spectrum  (Mees,  1942,  pp.  968-969). 
Coralline  and  chlorophyll  were  the  first  dyes  used  for  this  purpose. 
At  the  present  time  a  wide  variety  of  dye  sensitizers  is  available.  Photo¬ 
graphic  emulsions  can  be  prepared  with  sensitivities  which  extend  well 
into  the  infrared.  Spectral  lines  beyond  1,300  m/x  have  been  photo¬ 
graphed. 

This  extension  of  the  sensitivity  range  of  photographic  emulsions 
beyond  the  spectral  range  of  ordinary  silver  halide  is  called  optical 
sensitization,  and  the  dyes  which  cause  this  sensitizing  are  called 
optical  sensitizers. 

SENSITIZING  DYES 

The  most  commonly  used  optical  sensitizers  are  the  members  of  a 
large  class  of  dyes  called  cyanines.  One  series  of  these  dyes  may  be 
represented  by  the  general  structural  formula: 

SH  H  H 

I  I  I  >=< 

(C=C)"“C=0N“C2H5 

where  n  may  be  0,  1,  2,  3,  or  some  higher  integer.  For  n  =  0,  the  dye 
would  be  1,1  -diethyl-4, 4'-cyanine  bromide.  For  n  =  1,  it  would  be 
a  carbocyanine”;  for  n  =  2,  a  “dicarbocyanine.”  A  number  of  other 
cyanine-dye  series  may  be  formed  in  which  some  of  the  carbon  atoms 
within  the  ring  nuclei  are  replaced  by  other  substances,  particularly 
sulfur  or  selenium,  and  by  other  substitutions  on  the  nitrogen  and 
carbon  atoms.  The  essential  characteristics  of  a  cyanine  dye  are  that 
there  be  two  (or  more)  nitrogen  atoms  which  are  parts  of  heterocyclic 
nuclei,  and  which  are  connected  by  a  conjugated  chain  (alternate 
double  and  single  bonds),  containing  an  odd  number  of  carbon  atoms 
which  passes  through  a  part  of  each  heterocyclic  ring. 
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I  lie  spectral  absorption  characteristics,  and  therefore  the  color,  of 
any  cyanine  dye  depend  upon  its  particular  structure.  The  wavelength 
of  maximum  absorption  in  a  homologous  senes  increases  with  increase 
in  length  of  the  conjugated  chain.  Absorption  curves  for  one  such 
scries  are  shown  in  Fig.  6*2  with  values  of  n  equal  to  0,  1,  2,  and  3. 
1  he  curves  are  similar  in  shape,  and  the  separations  between  successive 
•peaks  are  nearly  constant.  The  absorption  bands  of  dyes  in  some  of 
the  other  cyanine  series  are  similarly  related. 


Wavelength  (m /x) 

Fig.  6-2  Spectral  absorptions  of  a  homologous  series  of  dyes  (Brooker,  1942,  p.  277). 

In  addition  to  the  cyanines,  there  are  a  number  of  types  of  dyes  suit¬ 
able  for  optical  sensitizing.  These  include:  (1)  dyes  containing  the 
carboxyl  ion  system,  of  which  the  phthaleins  constitute  the  most  im¬ 
portant  group;  (2)  the  hemicyanines;  (3)  the  styrvls,  of  which  pinaflavol 
is  an  example;  (4)  the  triphenyl  methanes;  and  (5)  the  merocyanines. 

SPECTRAL  ABSORPTION  AND  SENSITIZATION 

For  many  years  it  was  assumed  that  the  sensitizing  characteristics  of 
a  given  dye  paralleled  its  absorption  characteristics.  However,  this  was 
difficult  to  demonstrate  because  of  the  difficulties  in  measuring  the  ab¬ 
sorption  characteristics  of  a  sensitizing  dye  in  the  silver  halide  emulsion. 

The  spectral  distribution  of  absorption  of  a  dye  in  solution  depends 
upon  the  solvent  and  in  many  cases  upon  the  concentration  of  the 
dye.  The  former  effect  is  shown  in  Fig.  6-3  where  transmittance  dis¬ 
tributions  are  given  of  a  thiacarbocyanine  dye  in  water,  in  methanol 
and  in  aqueous  gelatin.  In  certain  solvents  some  dyes  exist  as  colloidal 
aggregates,  rather  than  as  a  true  solution.  Aggregate  size  is  a  function 
of  the  concentration  of  the  solution.  As  the  absorption  characteristics 
are  a  function  of  these  sizes,  they  also  depend  upon  the  concentration. 
The  absorption  which  a  dye  will  have  in  an  emulsion  cannot  be  pre- 
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Wavelength  (m /ji) 

Fig.  6-3  Transmittance  distributions  of  a  thiacarbocyanine  dye  in  0.002  percent 
solutions  of  {a)  methanol,  (b)  water,  (c)  0.5  percent  aqueous  gelatin  solution  (Leer- 
makers,  Carroll,  and  Staud,  1937,  p.  880). 


Fig.  6-4  {a)  Spectral  absorption  and  (b)  spectral  sensitivity  distributions  of 

emulsion  (Leermakers,  1937,  p.  891). 


an 
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dieted  from  its  characteristics  in  solution.  For  reliable  data  the  ab¬ 
sorption  must  be  determined  with  the  dye  coated  on  the  grains  of  the 
emulsion. 

Leermakers  (1937)  and  Leermakers,  Carroll,  and  Staud  (1937d  and 
19  >7 b),  in  their  studies  of  the  absorption  and  sensitizing  characteristics 
of  cyanine  dyes,  found  good  correspondence  between  the  light  absorp¬ 
tion  due  to  the  sensitizer  and  the  sensitivity  of  the  emulsion  in  this 


to 


(*) 


Fig.  6-5  Spectrogram  of  emulsions  sensitized  with  (a)  0.001  mg/cc  of  a  thiaearbo- 
cyanine  sensitizing  dye,  and  (b)  0.040  mg/cc  of  the  same  dye.  Numbers,  when 
multiplied  by  10,  give  wavelengths  in  millimicrons  (Leermakers,  Carroll,  and  Staud, 
1937,  p.  882). 

wavelength  region.  The  relative  spectral  absorption  and  sensitivity 
distributions  of  one  emulsion,  as  found  by  Leermakers,  are  shown  in 
Fig.  6-4. 

This  illustration  can  also  be  taken  as  evidence  that  the  sensitivity 
distribution  is  determined  by  the  combined  absorption  characteristics 
of  the  silver  halide  grains  and  of  the  sensitizing  dye.  In  other  words, 
one  quantum  of  light  absorbed  by  the  sensitizing  dye  forms  just  as 
much  latent  image  as  one  quantum  of  light  absorbed  by  the  silver 
halide  crystal.  Actually  most  sensitizers  are  not  so  efficient  as  the  one 
of  this  experiment. 

Leermakers,  Carroll,  and  Staud  also  showed  that,  just  as  the  absorp¬ 
tion  in  a  solvent  can  vary  with  concentration  of  sensitizing  dye,  the 
sensitizing  characteristics  can  also  vary  as  a  function  of  concentration. 
This  is  illustrated  in  Fig.  6-5.  The  sensitivity  distribution  resulting 
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from  the  low  concentration  of  the  dye  is  believed  to  be  due  to  the 
adsorption  to  the  grains  of  individual  molecules  of  the  ye.  e 

higher  concentrations  the  dye  probably  is  adsorbed  in  an  aggregate 

form. 


SENSITIZER  ADSORPTION 

Dye  sensitizers  are  tightly  and  usually  irreversibly  adsorbed  to  silver 
halide  crystal  surfaces  (Sheppard,  Lambert,  and  Walker,  1939u).  Fig¬ 
ure  6-6  shows  the  characteristics  of  this  adsorption  as  a  function  of 


Residual  dye  concentration 
(mole/IxlO6) 

Fig.  6-6  Adsorption  of  a  carbocyanine  dye  to  silver  halide  grains  from  an  aqueous 
solution  as  a  function  of  residual  dye  concentration  (Sheppard,  Lambert,  and  Walker 
1939d,  p.  268). 

dye  concentration.  The  first  horizontal  portion  of  the  curve  corresponds 
to  a  saturation  level  where  the  entire  surface  of  the  silver  halide  grains 
is  covered  with  a  monomolecular  layer  of  the  dye.  The  adsorption  den- 
sit\  at  the  second  horizontal  portion  corresponds  to  the  formation  of 
a  second  monolayer  of  dye  molecules. 

The  relationship  between  the  amount  of  dye  adsorbed  and  the  sen¬ 
sitivity  conferred  on  the  grain  by  the  sensitizer  has  been  investigated 
many  times.  It  was  found  that  the  sensitivity  at  first  increases  with 
increasing  concentration,  passes  through  a  maximum,  and  then  de¬ 
creases.  Some  data  indicated  that  the  concentration  for  maximum 
sensitivity  corresponded  approximately  to  that  necessary  to  provide  a 
monomolecular  layer  of  dye  around  each  grain  (Leermakers,  Carroll, 
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and  Stand,  19375).  It  was  shown  later,  however,  that  the  maximum 
sensitivity  occurred  at  somewhat  lower  concentrations  (Sheppard,  Lam¬ 
bert,  and  Walker,  19395).  Work  by  Spence  and  Carroll  (1948)  indi¬ 
cates  that  there  is  no  inherent  connection  between  the  sensitizing 
optimum  and  the  saturation  of  the  grain  surface.  Instead,  it  was  shown 
that  sensitizing  dyes  are  desensitizers  as  well,  and  that,  although  the 
sensitizing  and  desensitizing  effects  are  independent  of  each  other,  they 
both  increase  with  dye  concentration.  The  manner  in  which  they  in¬ 
crease  with  concentration  is  such  as  to  give  a  maximum  sensitivity, 
although  the  concentrations  at  which  these  maxima  occur  vary  widely 
among  the  various  sensitizing  dyes. 

The  relationships  between  sensitivity  and  dye  concentration  are  illus¬ 
trated  in  Fig.  6*7.  In  each  of  the  four  plots  shown  the  solid  line  cor¬ 
responds  to  one  dye  and  the  broken  line  to  a  second  dye.  As  shown 
by  (a)  and  (5)  of  Fig.  6*7,  the  two  dyes  have  similar  absorption  charac¬ 
teristics,  both  with  respect  to  wavelength  distribution  and  increase  in 
absorption  with  concentration.  Their  desensitization  actions,  however, 
are  quite  different,  as  shown  in  (c).  Because  of  this  difference,  despite 
their  other  similarities,  they  differ  markedly  both  in  the  magnitude  of 
the  sensitization  and  in  the  concentration  at  which  the  optimal  sensi¬ 
tizing  occurs.  The  observed  sensitivities  at  one  wavelength  are  shown 
as  functions  of  concentration  in  Fig.  6-7 d. 

SUPERSENSITIZING 

If  two  or  more  dyes  are  used  as  sensitizers,  sensitization  by  each  is 
affected  by  the  presence  of  the  other.  Since  both  are  adsorbed  to  the 
silver  halide  surface,  the  most  common  result  is  a  mutual  interference. 
In  some  cases,  however,  the  sensitization  by  two  dyes  is  greater  than 
the  sum  of  their  separate  effects.  This  is  known  as  supersensitization 
(Mees,  1942,  p.  1070;  Mees,  U.  S.  Patents  2,075,046,  2,075,047, 
2,075,048).  The  spectral  absorption  of  one  of  the  dyes  on  the  silver 
halide  may  be  changed  by  the  presence  of  the  other.  Oftentimes, 
however,  the  spectral  absorption  change  is  slight  and  the  primary  effect 
of  the  supersensitization  is  an  improvement  in  the  efficiency  of  latent- 
image  formation  for  a  given  amount  of  energy  absorbed  by  the  dye. 

MECHANISM  OF  LATENT-IMAGE  FORMATION 

The  presently  accepted  theories  of  the  mechanism  of  latent-image 
formation  were  discussed  in  the  previous  chapter.  Indications  are  that 
the  latent  image  obtained  from  exposure  in  the  absorption  region  ot 
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the  sensitizing  dye  is  identical  with  that  obtained  from  exposure  in  the 
absorption  region  of  the  silver  halide  crystal  itself.  1 1,15  w0“,d  *"d*' 
cate  that  the  absorption  of  energy  by  the  sensitizer  leads  to  the  it 
duction  of  electrons  into  the  conductivity  band  of  the  silver  halide 
crystal.  The  free  electron  may  originate  either  in  the  dye  molecules 
after  the  energy  absorption,  or  in  the  bromide  ions  of  silver  ha  1  e 
crystals  after  the  dye  transfers  its  absorbed  energy  to  the  halide  (Mees, 
1942  p  1081).  Such  a  transfer  of  energy  without  radiation  is  well 
known  (Franck  and  Teller,  1938).  The  ejection  of  an  electron  from 
the  dye  molecule  would  necessarily  be  followed  by  a  reverse  transfer  of 
an  electron  from  a  bromide  ion  which  liberates  a  bromine  atom  and 
regenerates  the  dye  (Gurney  and  Mott,  1 9 ">8,  pp.  164—163). 

At  the  present  time  there  is  insufficient  data  to  establish  which  of 
these  two  possible  mechanisms  is  correct.  In  both  cases  the  essential 
change  is  the  same. 


DESENSITIZERS 

Many  dyes  when  put  in  a  photographic  emulsion  cause  a  very  large 
decrease  in  sensitivity.  Such  materials  are  known  as  desensitizers. 
Among  the  best-known  desensitizing  dyes  are  pinakryptol  green,  pheno- 
safranine,  and  pinakryptol  yellow.  Such  desensitizers  may  be  of  prac¬ 
tical  value  because  they  can  be  used  to  decrease  the  sensitivity  of  exposed 
photographic  materials,  so  that  the  materials  may  be  developed  in  fairly 
bright  illumination. 

As  was  mentioned  earlier,  practically  all  sensitizing  dyes  are  also  de¬ 
sensitizers.  It  is  this  latter  characteristic  which  usually  limits  the  speed 
which  can  be  obtained  by  the  addition  of  a  sensitizing  dye. 

A  number  of  suggestions  have  been  made  as  to  the  possible  mode 
of  action  of  desensitizers  (Mees,  1942,  pp.  1041-1046).  One  of  the  more 
important  contributions  was  made  by  West  and  Carroll  (1947,  p.  542) 
who  found  that  the  photoconductivity  of  an  emulsion  desensitized  by 
an  azacyanine  dye  was  only  slightly  affected,  even  though  the  photo¬ 
graphic  sensitivity  was  practically  eliminated.  This  indicates  that  the 
desensitizer  does  not  inhibit  the  primary  emission  of  photoelectrons, 
but  rather  must  exert  its  effect  at  a  later  stage  in  the  latent-image 
formation  process.  West  and  Carroll  suggest  two  possibilities:  (1)  the 
desensitizing  dye  acts  as  an  electron  trap,  in  competition  with  the  sensi¬ 
tivity  centers,  and  (2)  the  desensitizing  dye  provides  a  means  of  attack¬ 
ing  the  sensitivity  specks  of  the  nascent  latent  image.  This  second 
possibility  is  in  line  with  the  suggestions  of  earlier  investigators. 
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Van  Kreveld’s  Law 


In  early  experiments  in  the  field  of  color  photography  many  of  the 
investigators  held  the  mistaken  belief  that  the  extent  of  the  spectral 
sensitivity  of  an  emulsion  was  a  function  of  the  intensity  or  duration  of 
the  exposing  light.  I  his  belief  was  probably  brought  about  by  a  mis¬ 
interpretation  of  observations  of  photographic  wedge  spectrograms. 
A  wedge  spectrogram  is  obtained  by  exposing  an  emulsion  to  a  spec¬ 
trum  through  a  graded  transmitting  material  such  as  a  step  tablet  or  a 
continuous  wedge.  At  low  levels  of  exposure  the  region  of  the  spec¬ 
trum  to  which  the  emulsion  is  most  sensitive  is  recorded.  At  higher 
levels  of  exposure  additional  regions  of  the  spectrum  are  recorded. 
The  manner  in  which  a  photographic  emulsion  sums  the  effects  of 
exposure  to  radiations  of  different  wavelengths  was  not  entirely  clari¬ 
fied  until  Van  Kreveld  (1934)  stated  his  additivity  law. 


FORMULATION  AND  EXPERI  M  ENTAL  PROOF 

According  to  Van  Kreveld’s  law,  if  exposures  consisting  of  energies 
of  two  or  more  different  spectral  compositions  are  capable  of  giving  the 
same  densities  in  the  same  exposure  times,  then  any  fractional  parts  of 
these  exposures  which  add  to  unity  will,  when  mixed,  also  give  this  same 
density.  This  law  has  been  thoroughly  tested  by  Webb  (1936)  who 
verified  it  and  extended  it  to  include  summations  of  different  energy 
distributions  applied  successively.  The  law  can  probably  be  best  illus¬ 
trated  in  terms  of  a  numerical  example  taken  from  data  collected  by 
Webb. 

Suppose  that  by  means  of  three  light  sources  and  three  filters,  ex¬ 
posures  to  red,  green,  and  blue  light  are  given  a  panchromatic  film 
through  a  step  wedge.  If  the  transmittances  of  the  step  wedge  and  the 
total  radiant-energy  flux  of  each  light  source  and  filter  combination  are 
known,  the  radiant  energy  incident  on  the  film  surface  per  unit  area  in 
a  given  exposure  time  can  be  determined  for  each  step  of  the  step  wedge. 
After  development,  the  densities  at  each  of  these  steps  can  also  be 
determined.  These  results  can  be  plotted  to  give  H  &  D  curves,  such 
as  {a),  (b),  and  (c)  of  Fig.  6-8. 

Suppose  now  that  the  radiant  energy  from  the  red,  green,  and  blue 
lights  is  combined  in  some  given  relative  proportions  and  exposures  are 
made  on  the  same  type  of  film  through  the  same  step  wedge.  Upon 
development  another  series  of  densities  will  result,  which  can  also  be 
plotted  against  log  incident  energy  to  give  an  H  &  D  curve.  This  is 

shown  in  Fig.  6-9. 
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With  the  help  of  Van  Kreveld’s  law,  this  H  &  D  curve  resulting 
from  the  combination  of  lights  can  be  predicted.  For  example,  in  ig_ 
6-8,  the  amounts  of  energy  that  are  necessary  to  produce  a  density  of 


Fig.  6-8  II  &  D  curves  as  obtained  from  light  through  (d)  red,  ( b )  green,  and  (c) 
blue  filters. 


Fig.  6-9  II  &  D  curves  as  obtained  experimentally  from  a  mixture  of  red,  green, 
and  blue  light,  and  as  calculated  from  Van  Kreveld’s  law  for  the  mixture  (Webb, 
1936,  p.  15).  Over  the  calculated  range  the  two  curves  superimpose. 

1.00  are  0.5854,  0.1231,  and  0.0957  for  the  red,  green,  and  blue  lights, 
respectively.  If  30  percent  of  the  combination  energy  comes  from  the 
red  light,  60  percent  from  the  green,  and  10  percent  from  the  blue, 
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then  U,  the  total  energy,  can  be  determined  from  the  equation  of  Van 
Kreveld’s  law  as  follows: 


0.30  £7/  (0.5854)  +  0.60£7/  (0.1231)  +  0.10  £7/(0.0957)  =  1.00  (6-2 a) 
which  gives 

£7  =  0.16 

At  some  other  density,  as  for  example  0.6,  the  amount  of  energy,  as 
may  be  found  from  Fig.  6-8,  would  be  given  by: 

0.30  £7/(0.3297)  +  0.60  £7/(0.0674)  +  0.10  £7/(0.041 8)  =  1.00  (6-2J) 
from  which 

£7  =  0.08 


The  same  procedure  may  be  extended  to  determine  the  exposures 
necessary  for  these  same  percentage  combinations  at  other  levels  of 
density.  The  results  can  be  used  to  obtain  the  H  &  D  curve  for  the 
mixture.  Such  sets  of  data  were  used  by  Webb,  as  illustrated  in  Fig. 
6-9.  The  experimental  curve  which  he  obtained  for  the  mixture  was 
almost  identical  with  the  calculated  curve.  The  close  correspondence 
of  the  two  is  good  proof  of  Van  Kreveld  s  law. 

The  general  equation  for  the  combination  of  three  colors  may  be 

written  as  (Webb,  1936,  p.  13): 

RUIUT  +  GU/Ug  +  BU/Ub  =  1  (6-3  a) 


where  R,  G,  and  B  are  the  percentages  of  the  total  energy,  U,  making 
up  each  color,  and  U„  U„  and  U,  are  the  amounts  of  energy  of  each  of 
these  colors  necessary  to  produce  the  given  density. 

Van  Kreveld’s  law  holds  only  if  reciprocity  failure  is  avoided.  If  the 
exposing  lights  are  mixed,  their  effects  are  simply  additive  only  if  the 
exposure  times  are  all  the  same.  If  the  exposures  from  the  different 
sets  of  radiations  are  applied  for  different  times,  whether  simultaneously 
or  successively,  the  intensities  of  all  the  lights  must  be  calculated  in 

terms  of  effective  exposure  rate.  .  .  ,  c  , 

The  additivity  of  different  colors  applied  successively  might  at  first 
appear  to  be  a  negation  of  the  Herschel  effect,  in  which  exposures  o 
long-wavelength  radiation  will  tend  to  erase  exposures  previously _  ob¬ 
tained  with  shorter-wavelength  radiations  (Mees,  194-,  PP- 
The  wavelength  region  in  which  the  Herschel  c  ect  is  qui  e  pro 
nounced  however,  is  beyond  650  m*  particularly  from  750  to  850  n¥. 
This  region  borderlines,  but  is  slightly  beyond,  that  to  which  even 
panchromatic  films  arc  appreciably  sensitive.  Furthermore,  the  amount 
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of  exposure  required  to  obtain  a  measurable  reduction  in  density  due 
to  the  Herschel  effect  is  considerably  greater  than  that  necessary  to 
obtain  a  high  density  in  a  region  to  which  the  film  has  been  sensitized. 

IMPLICATIONS 

Of  particular  interest  in  connection  with  Van  Kreveld’s  law  is  the 
fact  that  subthreshold  amounts  of  exposures  at  various  wavelengths 
may  be  summed  to  give  a  total  exposure  sufficient  to  yield  a  consider¬ 
able  density.  For  example,  a  film  may  be  exposed  simultaneously  to 
red,  orange,  yellow,  green,  and  blue  lights.  The  intensity  of  each  of 
these  taken  alone  might  be  insufficient  to  provide  effective  exposure, 
but  taken  collectively  effective  exposure  may  result.  Van  Kreveld’s 
law  states  that  this  is  the  case  and,  in  addition,  provides  a  means  of 
determining  the  exact  density  relations  that  will  exist  among  the  ex¬ 
posures.  This  contradicts  some  of  the  earlier  impressions  about  spec¬ 
tral  sensitivity  relationships  which  were  discussed  in  the  opening  para¬ 
graphs  of  this  section.  As  will  be  discussed  in  the  next  section,  Van 
Kreveld’s  law  also  provides  a  basis  for  determining  the  integrated 
photographic  action  of  any  distribution  of  radiant  energy. 

Spectral  Sensitivity  Distributions 

Direct  experimental  verification  of  Van  Kreveld’s  law  has  been  ob¬ 
tained  for  mixtures  of  only  three  different  colors,  but  it  is  reasonable 
to  assume  that  it  applies  to  any  number.  Its  application  to  an  un¬ 
limited  number  of  monochromatic  radiations  provides  the  means  of 
defining  exposure  for  any  type  of  spectral  distribution  of  light,  includ¬ 
ing  continuous  spectra.  Definitions  of  sensitivity  and  integrated  ex¬ 
posure  arrived  at  in  this  manner  also  reveal  the  limiting  conditions 
under  which  the  necessary  integrations  can  be  performed.  In  develop¬ 
ing  these  concepts  it  will  be  assumed  that  the  photographic  variables 
involved  in  development  are  held  constant,  so  that  differences  due  to 
them  may  be  neglected,  and  that  the  time  and  intensity  relations  in 
exposure  are  so  chosen  that  there  is  no  reciprocity  failure. 

AMOUNTS  OF  ENERGY  OF  A  CONTINUOUS  SPECTRUM 
FOR  A  GIVEN  DENSITY 

Van  Kreveld  s  law  has  indicated  a  method  for  determining  the 
amount  of  energy  of  a  given  spectral  distribution  required  to  result  in 
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a  given  density  in  a  given  photographic  film.  Let  us  rewrite  equation 
6-3 a  as  follows: 

RSrU  GSgU  -J-  BSbU  =  1  (6 •  3b) 

where  Sr,  Sg,  and  S&  are  substituted  for  1  /Ur,  1  /Ug,  and  1/U6.  Sr,  Sg, 
and  Sb  may  be  defined  as  the  sensitivities  of  the  film,  i.e.,  the  reciprocals 
of  the  amounts  of  energy  of  the  particular  colors  required  for  a  given 
density,  say,  D0.  R,  G,  and  B  are  again  the  percentages  of  these  colors 
making  up  the  total  energy,  U,  and  therefore,  R  +  G  +  B  =  1.  It  is 
also  evident  that  the  amounts  of  energy  of  each  of  these  colors  is  given 
by  RU,  GU,  and  BU,  respectively. 

The  same  relationship  extended  to  n  monochromatic  radiations  gives 

£  UiSi  =  1  (6-4 a) 

»=i 

where  lb  is  the  amount  of  energy  at  the  ith  wavelength  region  in  the 
mixture  which  gives  a  density  of  Do,  and  Si  is  the  reciprocal  of  the 
amount  of  energy  at  this  same  wavelength  which  alone  would  result  in 
the  same  density. 

Application  to  infinitely  small  increments  of  wavelength  to  include 
a  continuous  energy  source  gives 


/ 


US  d\  =  1 


(6  •  \b) 


where  S  now  represents  the  sensitivity  of  the  emulsion  at  a  given  wave¬ 
length  expressed  as  the  reciprocal  of  the  energy  at  that  wavelength  re¬ 
quired  to  produce  a  given  density,  D0,  and  U  is  the  amount  of  radian 
energy,  per  unit  of  wavelength,  at  that  wavelength  which,  in  the  mix¬ 
ture,  gives  the  density,  D0.  ,  • 

Suppose  that  we  have  a  photographic  emulsion  whose  spectral  sens- 

tivity  distribution,  S,  is  that  shown  in  Fig.  6-10,  with  the  value  o  o 
chosen  in  this  case  as  1.00.  Suppose  that  it  is  required  to  find  the 
amount  of  energy  having  some  given  spectral  dish r.l button,  as  for 
amnle  that  in  Fig.  6-11,  which  would  produce  a  density  of  1.00  on  th 
Z  Let  the  energy  distribution  as  given  in  the  figu*  be i  denoted* 
U'm  The  integrated  product  of  the  two  distributions,  c  < 

...  f*cr  u  a,  _  ,j  xhe  value  of  u  is  then  di- 

ohtained,  giving,  say,  n;  or  I  SU  M  -  n. 

vided  into  U',  wavelength  by  wavelength,  giving  a  distribution  wine . 
may  be  called  U;  or  U  =  V/n.  It  is  evident  that  jSU  Jx  =  LOO 
Therefore,  the  radiant  energy  distribution,  U,  incident  upon  the  film  o 
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Fig.  6- 


Fig.  6*10  Sensitivity  distribution  of  a  panchromatic  film. 


1 1  Energy  distribution  of  sunlight  reflected  from  an  orange  gladiolus. 
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sensitivity  distribution  S  would  result  in  a  density  of  D0,  which,  in  this 
example,  was  chosen  as  1.00. 

The  problem  just  illustrated  has  been  simplified  in  that  an  exposure 
value  for  a  known  density  was  sought,  and  the  density  was  chosen  equal 
to  that  for  which  the  sensitivity  distribution  was  determined.  In  actual 
practice  the  more  common  problem  is  that  of  determining  the  density 
which  will  result  from  a  known  energy  distribution.  Such  problems  are 
more  difficult  to  handle.  For  an  exact  solution  they  require  a  complete 
knowledge  of  the  spectral  sensitivity  distributions  of  the  emulsion  at 
all  levels  of  density  rather  than  at  just  one  level. 


GAMMA  - WAVELENGTH  RELATIONS 

When  an  emulsion  is  exposed  to  monochromatic  radiations  at  dif¬ 
ferent  wavelengths  the  resulting  H  &  D  curves  are  not  all  of  the  same 


Log  E  (ergs  /  cm  2  ) 

Fig.  6-12  H  &  D  curves  for  a  panchromatic  film  exposed  to  a  number  of  dJfferC^ 
monochromatic  radiations,  (a)  650  m/x,  ( b )  600  m /x,  (c)  550  m/x,  (d)  500  m/x,  (e) 
m/x,  (f)  400  m/x,  and  (g)  360  m/x. 


shape.  Idie  variation  of  greatest  importance  is  that  of  curve  slope,  or 
gamma.  A  series  of  curves  for  a  widely  used  panchromatic  film  is 
shown  in  Fig.  6*12.  The  values  of  gamma  obtained  from  each  of  these 
curves  can  be  plotted  against  the  exposing  wavelength  to  give  a  gamma- 
wavelength  curve,  as  shown  in  Fig.  6-13.  The  variations  111  gamma 
within  narrow  regions  of  the  spectrum,  such  as  the  blue,  the  green, 
the  red,  are  much  smaller  than  are  the  variations  over  the  w  lole  sPcct 
range.  This  has  bearing  on  color  photography  because  the  effective 
sensitivities  of  color  emulsions  are  limited  to  the  narrower  spectral 

regions. 
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The  importance  of  variations  in  curve  shape  for  different  wavelengths 
of  exposure  is  that  with  such  variations  the  shape  of  the  sensitivity  dis- 


Fig.  6-13  Gamma  as  a  function  of  wavelength  for  the  H  &  D  curves  illustrated  in 
Fig.  6-12. 


tribution  for  a  given  emulsion  will  depend  upon  the  effective  exposure 
level.  Consequently,  any  sensitivity  distribution  is  associated  with  the 
particular  density,  D0,  for  which  it  is  determined.  Distributions  for 
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I'ic.  6-14  Sensitivity  distributions  for  different  values  of  the  density  D0. 

several  density  levels  are  shown  in  Fig.  6-14  for  the  emulsion  whose 
11  &  D  curves  were  given  in  Fig.  6-12. 
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HEYMER  EFFECT 


In  studying  the  silver-dye-bleach  process,  Heymer  (1935)  reported 
that  high  concentrations  of  dyes  complementary  to  the  colors  to  which 
the  dye  layers  were  sensitive  could  not  be  used  in  multilayer  film  and 
that  a  false-color  system  (see  p.  576)  must  therefore  be  resorted  to.  Iiis 
reasoning  was  essentially  as  follows:  Suppose  that  a  blue-sensitive  emul¬ 
sion  (undyed)  is  available  with  relative  sensitivities  at  two  wavelengths, 
say  440  ni/x  and  500  m^,  such  as  those  indicated  by  the  characteristic 
curves  of  Fig.  6-15.  Suppose  now  that  yellow  dye  is  added  to  the  emul- 


Fig.  6-15  Assumed  II  &  D  curves  for  blue-sensitive  emulsion  containing  no  absorb 
ing  dye. 

sion.  Considering  the  light  at  440  m/*,  where  the  emulsion  is  most 
sensitive  and  where,  also,  the  dye  absorption  is  greatest,  it  is  reasonable 
to  expect  that  for  low  exposures  the  incident  radiation  would  be  largely 
absorbed  by  the  top  silver  halide  grains,  and  there  would  be  little  loss 
of  speed.  For  higher  exposures,  however,  penetration  into  the  emulsion 
would  have  to  be  greater  for  the  full  effect  of  this  exposure  to  be  real¬ 
ized.  With  the  increase  in  penetration  there  would  be  a  rapidly  in¬ 
creasing  amount  of  light  absorbed  by  the  dye,  and  consequently  a  rela¬ 
tively  greater  loss  of  speed.  The  net  effect  would  be  a  flattening  of  the 
II  &  D  curve  for  the  440  m^  curve,  as  illustrated  in  Fig.  6-16.  The  ex¬ 
posure,  as  before,  is  expressed  in  terms  of  the  incident  radiation. 

Considering  the  light  at  500  n¥,  where  there  is  little  dye  absorption, 
the  result  is  quite  different.  Although  the  emulsion  is  much  less  sensi¬ 
tive  at  this  wavelength,  the  H  &  D  curve  resulting  from  this  exposure 
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remains  relatively  unchanged  when  the  dye  is  added  to  the  emulsion 
layer  This  curve  is  also  shown  in  Fig.  6- 16.  It  now  becomes  eviden 

that  although  the  addition  of  the  dye  has  altered  the  spectral  sensi¬ 
tivity  of  the  emulsion  only  slightly  at  low  exposures,  at  high  exposures 
it  has  changed  greatly.  This  change,  according  to  Heymer,  would 
make  impossible  any  satisfactory  color  photographic  system  in  which 
the  emulsion  layers  were  sensitive  to  the  wavelengths  which  their  added 
dyes  absorbed. 


Fig.  6-16  H  &  D  curves  for  same  emulsion  as  illustrated  in  Fig.  6-15  with  yellow 
dye  added. 

The  Heymer  effect  is  serious  if  the  emulsions  have  broad  sensitivity 
bands,  but  recent  sensitizing  technology  has  made  available  sensitizing 
dyes  with  bands  of  sensitizing  which  are  sufficiently  narrow  to  be  con¬ 
fined  within  the  absorption  bands  of  the  image-forming  dyes  incorpo¬ 
rated  in  the  layers.  Under  these  conditions  the  Heymer  effect  may 
appear,  but  only  at  densities  too  high  to  be  of  practical  importance. 
Silver-dye-bleach  processes  successfully  use  emulsion  layers  dyed  com¬ 
plementary  to  the  colors  to  which  they  are  sensitive. 


DENSITY  RESULTING  FROM  AN  EXPOSURE  OF  A  GIVEN 
ENERGY  DISTRIBUTION 

If  the  sensitivity  distribution  of  the  emulsion  is  different  at  different 
levels  of  density,  the  calculation  of  the  density  which  will  be  obtained 
from  a  given  amount  and  distribution  of  energy  can  only  be  accom¬ 
plished  by  a  senes  of  approximations.  One  would  first  estimate  the 
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density  that  would  be  obtained,  and  then  from  the  sensitivity  distribu¬ 
tion  for  that  density  level,  calculate  the  required  amount  of  energy  of 
the  distribution  under  question.  This  would  then  be  compared  with 
the  given  amount  of  energy  as  stated  in  the  problem.  This  comparison 
makes  possible  a  closer  estimate  of  the  density  that  will  be  obtained 
and  therefore  a  new  calculation  of  the  amount  of  energy  required  to 
give  this  density,  using  the  corresponding  spectral-sensitivity-distribu¬ 
tion  curve.  This  procedure  may  be  repeated  until  the  calculated  energy 
and  the  given  amount  of  energy  are  in  substantial  agreement.  This 
type  of  calculation  is  extremely  tedious  and  is  seldom,  if  ever,  used  in 
practice. 

In  practice  when  such  problems  arise,  the  assumption  is  usually  made 
that  the  shapes  of  the  II  &  D  curves  of  the  emulsion  under  eonsidera- 


Fig.  6-17  H  &  D  curve  for  an  assumed  emulsion. 


tion  are  independent  of  exposing-light  wavelength,  and  therefore  that 
the  spectral-sensitivity-distribution  curve  is  the  same  for  all  density 
levels.  This  assumption  is  not  too  far  wrong  for  the  restricted  sensi¬ 
tivity  regions  used  in  the  separate  films  in  a  three-color  process. 

Usually  the  absolute  amount  of  energy  in  an  exposure  of  a  given 
spectral  quality  is  not  known  and  it  is  sufficient  that  the  relationship  be 
determined  between  the  reproduction  characteristics  of  two  or  more 
exposures  whose  relative  intensities  and  distributions  are  known.  In 
these  cases  the  shape  of  the  sensitivity  distribution  and  the  H  &  D  curve 
are  all  that  is  required,  without  reference  to  the  absolute  scale  of  units. 

Suppose  now  we  have  an  emulsion  with  the  sensitometnc  character- 
istics  shown  in  Fig.  6-17  and  with  the  relative  sensitivity  distribution 
shown  in  Fig.  6-10.  This  film  is  to  be  used  for  photographing  t  ic 
orange  gladiolus  reflecting  the  energy  shown  by  the  curve  in  Fig.  6-1 
What  density  will  be  obtained?  To  make  this  calculation  it  wou  c 
required  to  know  the  sensitivity  distribution  in  absolute  units,  the 

248 


posure  time,  and  the  illumination  on  the  object  in  absolute  units.  Sup- 
pose,  however,  we  assume  that  exposure  level,  lighting,  etc.,  will  be  ad¬ 
justed  so  that  the  densitv  obtained  from  a  white  object  is  at  the  point 
A  near  the  upper  end  of  the  straight-line  portion  of  the  sensitometnc 
curve.  Taking  the  white  object  as  one  having  100  percent  reflectance 
at  all  wavelengths,  the  integrated  product  of  this  distribution,  sun¬ 
light,  and  the  sensitivity  distribution  of  the  film  may  be  obtained.  The 
value  so  obtained  by  numerical  integration  is  33.63.  The  integrated 
product  of  the  rcflected-light  distribution  of  the  orange  gladiolus  and 
the  sensitivity  distribution  of  the  emulsion  as  obtained  by  the  same 
method  is  7.10. 

The  ratio  of  these  two  amounts,  0.211,  is  the  relative  exposure  of  the 
two  objects  and  the  negative  logarithm  of  this  value,  0.676,  the  relative 
log  exposure.  If  we  assume  that  the  white  is  reproduced  at  A  on  the 
scnsitometric  curve,  then  the  orange  gladiolus  would  be  reproduced  at 
the  log  exposure  level  0.676  lower,  or  at  B. 

This  type  of  calculation  will  be  used  a  great  deal  in  later  chapters 
in  this  book.  It  must  be  remembered  that  the  validity  of  such  calcu¬ 
lations  is  based  on  the  assumption  that  the  shapes  of  the  H  &  D  curves 
for  monochromatic  exposures  of  the  emulsion  are  independent  of  the 
wavelength  of  the  exposing  light,  or,  expressed  differently,  that  the 
sensitivity  distribution  of  the  emulsion  is  independent  of  the  density 
level  for  which  the  sensitivity  distribution  is  determined. 

EXPOSURE  DENSITY 

In  studies  of  the  theory  of  tone  or  color  reproduction  in  photo¬ 
graphic  processes  it  is  sometimes  desirable  to  associate  exposure  values 
with  a  series  of  objects  to  be  photographed,  independently  of  the  par¬ 
ticular  sensitometric  (H  &  D)  curves  of  the  process.  Such  exposures  are 
most  conveniently  expressed  with  respect  to  some  standard  object,  such 
as  a  white,  for  reasons  given  in  the  preceding  section.  A  logarithmic 
scale  is  also  desirable.  Such  considerations  have  led  to  the  use  of  a 
quantity  which  has  been  called  “exposure  density”  (Brewer,  Hanson, 
and  Horton,  1949).  It  is  merely  the  density  of  the  object,  as  defined 
in  the  previous  chapter,  measured  with  respect  to  the  sensitivity  distri¬ 
bution  of  the  photographic  emulsion  and  the  illumination  to  be  used 
in  making  the  photograph.  In  the  example  used  in  the  preceding  sec¬ 
tion  the  exposure  density  of  the  orange  gladiolus  would  be  0.676. 
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Photographic  Formation 
of  the  Color  Image 


CHAPTER  VII 


IN  a  black-and-white  photograph  the  image  consists  of  minute  par¬ 
ticles  of  silver  which  are  formed  during  the  development  reaction 
through  reduction  of  the  silver  halide  grains.  In  additive  color  pho¬ 
tography  the  images  are  also  composed  of  silver  and  are  viewed  in 
combination  with  three-color  filters. 

Development  reactions  in  subtractive  color  photography  usually  pro¬ 
duce  silver  images.  Dye  images  may  be  formed  at  the  same  time  or 
subsequently.  Development  reactions  of  silver  halide  emulsions  in¬ 
volve,  in  addition  to  silver  formation,  oxidation  of  the  developing  agent, 
release  of  bromide  ions,  pH  changes,  and  release  of  energy  in  the  form 
of  heat.  It  is  conceivable  that  any  of  these  might  be  utilized  to  control 
dye  formation  or  deposition.  Present  processes,  however,  make  use  of 
only  the  reduced  silver  and  the  oxidized  developer.  These  substances 
may  enter  into  the  color-controlling  reactions  in  any  of  a  number  of 
different  ways,  all  of  which  may  be  classified  in  terms  of  four  general 
types  of  processes:  (1)  gelatin  hardening  or  tanning,  (2)  coupling,  (3) 
toning  or  mordanting,  and  (4)  dye  bleaching. 

There  are  also  methods  for  obtaining  color  images  which  do  not  in¬ 
volve  silver  halide  emulsions.  Such  processes  are  of  considerable  im¬ 
portance  in  photomechanical  reproduction  work  but  are  of  only  slight 
consequence  in  the  making  of  other  types  of  color  duplicates  or  prints. 
They  are  seldom,  if  ever,  used  in  obtaining  the  original  camera  ex- 

P°As  neither  the  silver  nor  the  bromine  of  the  typical  photographic 
emulsion  is  a  necessary  constituent  of  the  dyes  of  the  colored  images, 
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Figure  7-1 


I.  Differential  gelatin-hardening  processes. 

A.  Differential  hardening  produced  by: 

1.  Direct  exposure  to  light:  Carbon,  Collotype. 

2.  Developed  silver  bleached  in  bichromate  solution:  \\  ash-ott  Ke- 

3.  Gelatin  containing  bichromate  and  ferricyanide  placed  in  con¬ 
tact  with  silver  image:  Carbro,  Bromoil. 

4.  Hardening  developer:  Dye  Transfer,  Technicolor. 

5.  Softening  bleach:  Peroxide  etch. 

B.  Colorant  series  obtained  from: 

1.  Gelatin  with  relief. 

a.  Gelatin  contains  pigment  or  dye:  Carbon,  Carbro. 

b.  Dye  solution  absorbed. 

(1)  Mordanted  in  the  gelatin. 

(2)  Transferred  to  mordanted  paper  or  film:  Wash-off  Relief, 
Dye  Transfer,  Technicolor. 

2.  Planographic  gelatin. 

a.  Unhardened  portions  adsorb  dye:  Pinatype,  First  Kodachrome 

(1916). 

b.  Unhardened  portions  absorb  water;  oil  with  dye  adheres  to 
remaining  portion:  Collotype,  Oil,  Bromoil,  Photogelatin. 

II.  Dye-coupling  processes. 

A.  Coupler  located  in: 

1.  Developer:  Kodachrome. 

2.  Emulsion. 

a.  Dispersed  directly  in  emulsion:  Ansco  Color,  Agfacolor, 
Printon. 

b.  Insoluble  salt. 

c.  Oil  soluble;  oil  solution  dispersed  in  emulsion:  Kodacolor, 
Ektachrome,  Ektacolor. 

d.  Attached  to  colloid  carrier:  DuPont  print  film. 

III.  Chemical  and  dye-toning  processes. 

A.  Silver  image  converted  to  dye  or  pigment  (chemical  toning):  Chro¬ 
ma  tone. 

B.  Silver  converted  to  dye  mordant  (dye-toning):  Tranbe  iodide  process, 
Brewstercolor  process. 

IV.  Silver-dye-bleach  processes: 

A.  Catalytic:  Christensen. 

B.  Oxidation-reduction:  Gasparcolor. 

V.  Non-silver-halide  processes. 

A.  Bleach-ont;  directly  bleaching  dyes:  Utocolor  paper. 

B.  Bichromate  hardening:  release  of  chromic  ion  by  direct  action  of 
light:  Collotype,  Oil,  Photomechanical  reproduction. 

C.  Diazo  processes:  Diazotizing  reaction,  developed  in  ammonia 
Ozalid. 

D.  Iron  processes:  Blue-printing. 

Fig.  7-1  Methods  of  obtaining  photographic  images  in  color;  typical  processes. 
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it  might  appear  that  greater  usage  should  be  made  of  other  substances. 
In  a  silver  halide  emulsion,  however,  a  very  few  quanta  of  exposure  will 
make  a  whole  grain  developable.  In  some  of  the  more  sensitive  photo¬ 
graphic  emulsions  it  is  estimated  that  approximately  108  atoms  of  silver 
become  developable,  on  the  average,  for  each  quantum  of  exposure. 
In  light-sensitive  substances  other  than  the  silver  halides  there  is  usu¬ 
ally  a  relationship  in  the  order  of  one-to-one  between  the  number  of 
quanta  absorbed  and  the  number  of  dye  molecules  which  can  be  af¬ 
fected.  This  difference  in  order  of  magnitude  leaves  the  silver  halide 
processes  without  competitors  in  high-speed  photographic  materials, 
color  as  well  as  black-and-white. 

The  table  of  Fig.  7T  shows  an  outline  of  the  important  ways  of 
obtaining  a  photographic  image  in  color.  The  present  discussion  of 
these  methods  will  deal  with  the  basic  procedures  involved  in  obtain¬ 
ing  single-color  images  without  regard  for  methods  of  combining  three 
of  them  into  a  complete  color  process,  although  frequent  references  will 
be  made  to  specific  color  processes. 


Gelatin-Hardening  Methods 


Photographic  gelatin  is  derived  from  animal  hides  and  bones.  These 
materials  contain  the  protein  collagen  which,  on  heating  in  water, 
hydrolyzes  irreversibly  to  form  the  simpler  protein,  gelatin.  1  lie  gelatin 
molecules  consist  of  a  large  number  of  recurring  groups  of  a  variety  of 
amino  acids.  The  average  molecular  weight  is  about  27,000  or  some 

multiple  of  this  (Mees,  1942,  p.  67).  . , 

Gelatin  is  amorphous  and  readily  absorbs  water,  either  from  a  humic 
atmosphere  or  when  immersed  in  water.  If  a  gelatin  solution  is  allowed 
cfonH  low  temneratures,  it  becomes  rigid;  with  increased  tempera- 


of  most  interest  are  the  reduction  in 
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capacity,  and  the  increase  in  temperature  which  is  necessary  for  it  to  go 
into  solution. 


direct  action  of  light 

Gelatin  hardening  is  closely  related  to  tanning  processes  such  as 
are  applied  to  animal  hides,  but  its  fundamental  nature  is  not  well 
understood.  Hardening  of  gelatin  by  the  direct  action  of  light  results 
primarily  from  ultraviolet  rather  than  visible  radiation.  1  lus  harden¬ 
ing  effect  may  be  due  to  a  de-hydrolysis  of  some  of  the  gelatin  to  form 
collagen,  or,  more  likely,  to  the  establishment  of  cross-linkages  within 
the  gelatin  molecules  (Mees,  1942,  pp.  107-109). 

ACTION  OF  BICHROMATE 

Gelatin  containing  bichromate  (e.g.,  Na2Cr207  or  (NH4)2Cr207)  is 
hardened  by  visible  radiations  as  well  as  by  ultraviolet  radiations.  The 
bichromate  is  reduced  on  exposure  to  light,  and,  in  the  process,  the 
gelatin  is  hardened.  The  exact  chemical  reactions  taking  place  are  not 
known. 

In  gelatin-hardening  processes  involving  silver  images,  the  amount 
of  the  bichromate  reduced  is  a  function  of  the  amount  of  silver  in  the 
image.  The  bichromate  is  reduced  by  the  silver,  and  the  product 
hardens  gelatin. 


OXIDATION  PRODUCTS  OF  HARDENING  DEVELOPER 


A  number  of  photographic  developers  yield  oxidation  products  which 
harden  gelatin.  The  exact  nature  of  the  hardening  reaction  is  not 
known.  One  that  has  been  suggested  involves  a  reaction  of  the  free 
amino  groups  of  the  gelatin  with  quinone,  or  some  related  structure 
produced  from  the  developer  (Mees,  1942,  p.  122): 


O 


2R — NH2  +  2 

y 

o 


H 


RN— O  OH 


I 

H 


(7-1) 
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1  lie  actual  reaction  is  probably  more  complicated  than  this,  but  it  is 
ikely  that  a  quinonoid  body  which  is  a  primary  oxidation  product  of 
organic  developers  reacts  with  the  gelatin  and  produces  the  hardening 

OH 

Actually  the  developer  pyrogallol,  </  — oh,  is  the  most  gen- 

OH 

erally  used  hardening  developer  (Wall,  1925,  p.  352;  Pontius,  1951). 

GELATIN-SOFTENING  AND  ETCH  METHODS 

If  gelatin  containing  a  developed  silver  image  is  treated  with  certain 
solutions,  as  for  example  concentrated  ammonium  persulfate,  or  a 
mixture  of  ferric  chloride  and  tartaric  acid,  the  gelatin  in  the  vicinity 
of  the  silver  is  softened  so  that  it  becomes  soluble  in  hot  water  at  a 
temperature  lower  than  the  unetched  gelatin  (Wall,  1925,  p.  356; 
Friedman,  1944,  pp.  468-469).  Hydrogen  peroxide,  particularly  in  the 
presence  of  bromide  or  iodide  salts,  dissolves  both  the  silver  and  the 
gelatin  in  its  vicinity  (Wall,  1925,  pp.  357-358). 

COLOR-IMAGE  FORMATION 

All  the  previously  discussed  methods  of  varying  the  characteristics 
of  the  gelatin  as  a  function  of  an  image  can  be  used  for  obtaining  a 
colorant  image.  The  procedures  may  be  divided  into  two  classes:  those 
which  are  based  on  the  formation  of  a  relief  image  in  the  gelatin  and 
those  in  which  the  gelatin  remains  planographic. 

In  preparing  the  relief  image  the  unhardened  gelatin  is  dissolved 
away  in  warm  water  and  the  hardened  gelatin  remains.  This  requires 
that  the  various  portions  of  the  image  be  represented  in  different  thick¬ 
nesses  in  the  gelatin  layer  and  that  the  hardened  and  soft  parts  of  the 
gelatin  be  separated  in  depth  in  the  layer.  Such  separation  is  achieved 
by  incorporating  in  the  emulsion  layer  an  absorber  of  the  light  to  which 
the  emulsion  is  sensitive.  In  a  normal  blue-sensiti\c  silver  halide 
emulsion  this  would  be  a  yellow  dye.  This  absorber  restricts  the  pene¬ 
tration  of  the  exposure  as  a  function  of  the  degree  of  the  exposure  so 
that  the  least  exposed  parts  of  the  image  will  be  quite  thin  and  the 
more  heavily  exposed  portions  of  the  image  will  be  thick.  After  hard¬ 
ening  development  or  bleaching,  the  unexposed  portions  can  be  washed 
away  in  warm  water.  In  order  for  the  exposed  and  hardened  portions 
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to  remain  on  the  film  support,  the  exposure  must  be  made  through  this 

S"  In°f  similar  manner  the  gel-softening  or  etch  methods  give  a  relief 
image  after  the  softened  gelatin  is  dissolved  away.  In  this  case  the 
softening  is  a  function  of  exposure  and  therefore  the  process  is  a  reversal 
process  where  the  highest  exposure  leads  to  the  least  thickness  in  the 
oelatin  image.  The  exposure  of  the  image  must  be  made  from  the 


Fig.  7-2  Dye  absorption  of  gelatin  as  a  function  of  pH  of  the  dye  solution:  (d) 
acid  dye  Thiocarmine  TK;  ( b )  basic  dye  Methylene  Blue  MC  (Bromberg  and 
Mal’tseva,  1947,  Part  2,  Fig.  2). 

emulsion  side  rather  than  from  the  base  side  in  order  for  the  remaining 
relief  image  to  adhere  to  the  support. 

If  the  gelatin  layer  contains  an  insoluble  pigment,  the  relief  image 
constitutes  a  colorant  image.  If  the  gelatin  layer  does  not  contain  pig¬ 
ment,  a  colorant  image  may  be  formed  by  bathing  the  relief  image  in 
a  solution  of  a  dye  which  is  absorbed  by  the  gelatin.  If  the  gelatin 
relief  image  does  not  contain  a  mordant  for  the  dye,  and  if  the  dye  is 
reversibly  absorbed  in  the  gelatin,  it  can  be  transferred  to  a  separate 
layer  of  gelatin  containing  a  mordant.  In  this  way  the  entire  image  is 
transferred  to  the  second  carrier. 

The  dye  concentration  in  dyed  gelatin  is  normally  considerably 
higher  than  that  in  the  dye  bath,  indicating  that  the  dye  is  held  to  the 
gelatin  by  more  than  an  equalization  of  dye  concentration  between  the 
outside  solution  and  the  gelatin.  For  both  acid  and  basic  dyes  this 
uglier  concentration  apparently  occurs  primarily  through  the  forma¬ 
tion  of  salt-forming  complexes  of  the  dye  ions  with  appropriate  groups 
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of  the  protein  molecules  (Bromberg  and  Mal’tseva,  1947).  The  stability 
of  these  complexes  and  the  intensity  of  the  dyeing,  therefore,  are  at¬ 
tained  only  within  limited  pH  ranges  for  the  dye  bath.  As  is  illus¬ 
trated  in  F  ig.  7  •  2,  the  absorption  of  basic  dye  increases  with  increasing 
pH  and  the  absorption  of  an  acid  dye  increases  with  decreasing  pH. 
1  he  gelatin  acts  as  a  base  in  the  lower  pi  I  regions  and  as  an  acid  in  the 
higher  pFI  regions. 

Acid  dyes  are  employed  almost  exclusively  in  transfer  processes.  Sev¬ 
eral  acid  dyes  which  are  suitable  for  absorption  processes  are  listed  in 
l'ig.  7*3.  Substantive  (cotton)  dyes  are  not  satisfactory  because  of  their 
low  rates  of  diffusion  both  into  and  out  of  gelatin.  As  far  as  transfer 
characteristics  are  concerned,  basic  dyes  would  probably  prove  satisfac¬ 
tory,  provided  that  the  dyeing  took  place  at  high  pH  and  a  suitable 
mordant  were  incorporated  in  the  receiving  sheet.  Basic  dyes  have  not 
been  used  in  practice,  however,  probably  because  most  of  those  avail¬ 
able  are  less  stable  to  radiant  energy  than  are  the  available  acid  dyes. 

Figure  7*3 

Alizarin  rubinol  3G  (G) 

Alphazurine  2G  (NAC) 

Fast  acid  green  B  (NAC) 

Fast  crimson  6BL  (NAC) 

Fast  fuchsine  G  (NAC) 

Pontacyl  green  SN  Ex  (DuP) 

Pontacyl  light  yellow  3G  (DuP) 

Tartrazine  (DuP,  NAC) 

Fig.  7- 3  Acid  dyes  which  are  suitable  for  absorption  processes.  Manufacturer 
designations:  DuP,  E.  I.  du  Pont  de  Nemours  &  Co.,  Inc.;  G,  General  Dyestuff 
Corp.;  NAC,  National  Aniline  Div.,  Allied  Chemical  and  Dye  Corp. 

In  the  second  general  method  of  image  formation  the  unhardened 
gelatin  is  not  washed  away  and  the  layer  remains  planographic.  Cer¬ 
tain  dyes  have  been  found  which  are  differentially  adsorbed  from  solu¬ 
tion  by  the  unhardened  gelatin.  This  method  of  image  formation, 
which  leads  to  a  reversed  or  direct  positive  image,  was  used  in  the 
pinatype  processes  and  in  the  first  Kodachrome  process  (Wall,  19_>, 
pp.  390-398,  407-414;  Capstaff,  U.  S.  Patent  1,196,080).  Acid  dyes 
were  commonly  used  for  such  processes.  A  process  of  the  negative¬ 
positive  type  could  be  obtained  by  softening  the  gelatin  in  the  vicinity 
of  the  exposed  silver  halide  (Capstaff,  U.  S.  Patent  1,^1 5,464). 

Another  image-forming  technique  is  based  on  the  gelatin  repellency 
of  an  oil  containing  a  dye  or  a  pigment.  If  the  softer  portions  o  t  e 
gelatin  are  allowed  to  absorb  water,  under  the  proper  conditions,  an  oil 


containing  a  dye  may  be  made  to  adhere  to  the  remaining  hardened 
portions  of  the  gelatin  and  be  repelled  by  the  softer,  wetter  portions 
This  adhering  oil,  containing  dye,  forms  a  colorant  image  which  may 
be  transferred  to  paper. 


Color  Development 

A  number  of  developing  agents  used  for  developing  a  photographic 
latent  image  also  deposit  a  colored  image  along  with  the  silver  image. 
The  developer,  pyrogallol,  when  used  without  sulfite,  gives  a  strong 
brown  “stain”  image.  This  was  first  described  by  Liesegang  (1895). 
Although  the  exact  structure  of  the  “stain”  image  produced  by  pyrogab 
lol  and  other  hydroxyl  developers  is  not  known,  Tausch  (1934,  p.  38) 
found  that  for  hydroquinone  it  is  composed  of  polymerization  products 
of  the  oxidized  developer.  Such  components  are  known  as  humic  acids. 

Many  other  developing  agents  react  with  their  own  oxidation  prod¬ 
ucts  to  form  dye  images  of  well-established  structures  (Homolka,  1907d, 
b,  c,  d,  e,  1914 a,  b;  Ermen,  1923d,  b).  However,  dye  image  formation 
by  development  with  leuco  bases  or  self-coupling  developers  has  never 
become  of  any  practical  importance  because  of  the  poor  color  of  the 
dye  images  which  are  formed,  their  instability,  and  the  poor  developing 
properties  of  the  developers  themselves. 

Fischer  (1913d,  b;  1914)  found  that  certain  materials,  when  added 
to  /7-phenylenediamine  or  p-aminophenol  developer  solutions  caused 
the  formation  of  a  dye  image  during  the  development  of  the  silver 
image.  The  dye  image  resulted  from  the  “coupling”  of  this  added 
material  with  the  oxidized  developer.  For  this  reason  the  added  mate¬ 
rial  was  called  a  coupler.  Designation  of  such  materials  by  the  term 
couplers  is  still  in  use  at  the  present  time.  Fischer  patented  the  use  of 
such  materials  for  the  production  of  prints  in  color  and  for  color  pho¬ 
tography  in  general.  His  patents  included  images  consisting  of  dyes 
belonging  to  five  different  classes — indophcnols,  indoanilines,  inda- 
mines,  indothiophenols,  and  azomethines.  These  classes  of  dyes,  and 
others,  are  described  in  greater  detail  in  Chapter  IX.  The  type  of 
coupling  development  found  by  Fischer  is  now  in  use  in  many  processes. 

COUPLING  DEVELOPING  AGENTS 

Two  types  of  developers  may  be  used  as  coupling  developers:  deriva- 
tives  of  p-phcnylenediamine  and  derivatives  of  p-aminophenol.  Both 
couple  at  a  free  amino  group  so  that  at  least  one  of  the  amino  groups 
in  the  /rphenylenediamine  compounds  and  the  single  amino  group  in 
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the  £-ammophenol  compounds  must  be  unsubstituted.  The  solubility 
and  the  instability  of  the  dyes  formed  from  developers  which  are  de¬ 
rivatives  of  £-aminophenol  make  them  unsatisfactory  for  practical  use. 

1  he  most  important  developers  used  for  coupling  to  form  a  dye  image 
are  the  substituted  p-phenylenediamines.  These  may  have  one  or  two 
of  the  hydrogen  atoms  attached  to  one  of  the  nitrogens  substituted  by 
a  variety  of  groups  and  may  have  a  variety  of  substitutions  in  the  ben¬ 
zene  ring.  1  he  specific  structure  of  the  developing  agent  influences  the 
solubility  of  the  dyes  formed,  the  stability  of  the  dyes,  and  the  exact 
color  which  is  obtained  from  a  given  coupler  (Neblette,  1952,  pp  216- 
217). 

One  of  the  chief  disadvantages  of  most  of  the  substituted  p-phenyl- 
enediamine  developers  is  that  they  frequently  cause  a  severe  rash  on 
human  skin.  Care  must  be  exercised  to  avoid  contact  with  solutions 
containing  such  developers.  On  continued  exposure  to  p-phenylenedi- 
amine,  or  many  of  its  derivatives,  a  person  does  not  develop  an  immu¬ 
nity'  to  it,  but  actually  develops  increased  sensitivity. 

A  number  of  patents  have  described  new  developers  which  are  stated 
to  be  an  improvement  in  this  respect  over  the  well-known  p-aminodi- 
ethylaniline  (diethyl  p-phenylenediamine).  The  compound 

NH2 — <(  y-N(C2H4OH)2 

stated  to  be  more  soluble  in  a  developer  solution  than  /j-aminodiethyl- 
aniline,  is  described  in  U.  S.  Patent  2,108,243.  Compounds  having  the 
general  formula 

z — x  /R 

NH’-<Z>-N\X 

where  R  represents  hydrogen,  alkyl,  aryl,  or  hydroxy  alkyl,  and  X  rep¬ 
resents  —  (CH2CH20)n— CH2CH2OH  and  compounds  of  the  general 
formula  _ 

NH2-0- -nhr>y 

where  Ri  is  an  alkylene  or  arylene  group  and  Y  is  COOH  or  SO3H,  are 
described  in  U.  S.  Patent  2,163,166.  These  compounds  are  stated  to 
be  more  soluble  than  the  usual  color  developers  and  to  have  greatly  de¬ 
creased  toxic  action  on  human  skin.  In  U.  S.  Patent  2,193,015  similar 
properties  are  attributed  to  developer  compounds  having  the  general 

structure  y 

H2N_/  N— N<^ 

\ _ /  \R-Su 
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where  X  represents  hydrogen  or  alkyl,  R  represents  alkylene,  ^  repre¬ 
sents  — SO2NH2,  -S02NHR',  or  — NHSO.R'  where  R  is  hydrogen 

or  alkyl. 


couplers 


A  large  number  of  compounds  have  been  found  to  act  as  dye-form¬ 
ing  couplers  in  the  color-development  process.  These  may  be  broadly 
divided  into  two  classes  of  compounds:  phenols,  or  naphthols,  with 
the  active  coupling  position  being  para  to  the  Oil  group,  and  com¬ 
pounds  having  an  active  methylene  group  at  which  the  coupling  reac¬ 
tion  takes  place. 


Figure  7-4 


(*) 

a-Naphthol 

2,4-Dichloro-a-naphthol 
o-Phenyl  phenol 
4-Chloro-o-phenyl  phenol 
o-Cresol 

(b) 

l-p-Nitrophenyl-3-methyl-5-pyrazolone 
1  -Phenyl-  3-methyl-  5-pyrazolone 
p-Nitrobenzylcyanide 
Benzoylacetonitrile 
Naphthoylacetonitrile 

(*) 

Ethyl  acetoacetate 
Ethyl  benzoylacetate 
Acetoacetanilide 
/3-Naphthoylacetone 
Diethyl  malonate 

Fig.  7-4  Couplers  which,  with  p-aminodiethylaniline  give  (a)  cyan  dyes,  (b)  magenta 
dyes,  (c)  yellow  dyes. 

The  various  elements  and  groupings  which  are  combined  in  a  com¬ 
pound  which  behaves  as  a  coupler  can  be  divided  into  two  parts.  The 
first  of  these  is  the  color-forming  part  which,  to  a  large  extent,  deter¬ 
mines  the  general  region  of  the  spectrum  in  which  the  dye  formed  will 
absorb  light.  1  he  remainder  of  the  coupling  molecule  influences  to 
some  extent  the  color  of  the  dye  formed  but  has  its  major  influences 
on  the  stability  of  the  dye,  the  solubility  of  the  coupler  and  of  the  dye, 
the  ability  of  the  coupler  to  diffuse  through  an  emulsion  layer,  and 
other  physical  characteristics.  Many  of  these  characteristics  will  be 
discussed  in  a  later  section. 


The  phenol  and  naphthol  couplers  form  dyes  which  absorb  light  in 
the  red  end  of  the  spectrum,  thus  giving  cyan  or  blue  dyes.  Indoaniline 
dyes  are  formed  when  these  couplers  react  with  developers  of  the 
p-phenylenediamine  type.  Several  well-known  cyan  or  blue  dye-forming 
couplers  are  shown  in  section  (a)  of  the  table  of  Fig.  7-4.  These 
compounds  may  have  a  wide  variety  of  additional  substituents  leading 
to  a  tremendous  number  of  cyan-  or  blue-forming  couplers.  The  effect 


Fig.  7-5  Spectral  absorptions  of  dyes  related  to  Phenol  Blue,  with  various  substit¬ 
uents  in  the  phenol  ring,  where  X  indicates  (a)  II  (Phenol  Blue);  ( b )  CH3;  (c)  Cl,  (d) 
NHCOCII3;  (e)  CH=CHCOCgH5;  (f)  OCH3  (Vittum  and  Brown,  1946,  p.  2236). 


on  the  absorption  band  of  a  variety  of  substituent  groups  in  the  coupler 
phenol,  when  coupled  with  p-aminodimethylaniline,  is  shown  in  Fig. 


Couplers  which  are  pyrazolones,  cyanoacetyl  compounds,  and  deriva¬ 
tives  of  p-nitrobenzyl  cyanide,  all  of  which  have  an  active  methylene 
group,  couple  with'  the  p- phcnylenediamine  developers  to  give  azo- 
methine  dyes  with  the  major  absorption  in  the  green  region  ot  the 
spectrum.  These  dyes  are,  therefore,  magenta  or  orange  dyes.  A  tew 
of  the  better-known  couplers  of  this  type  are  shown  in  section  (b)  ot 

Couplers  with  the  active  methylene  group  between  two  carbonyl 
groups  couple  with  the  p-phenylenediamine  developers  to  give  azo- 
methine  dyes.  These  have  their  mapr  absorptions  m  theblue  regi 
of  the  spectrum  and  thus  form  yellow  or  orange  dyes.  Sect.on  (c) 
Fig.  7-4  gives  a  list  of  such  couplers. 

260 


practical  use  of  couplinc  development 

A  variety  of  requirements  must  be  fulfilled  if  coupling  development 
is  to  be  useful  in  forming  the  dye  images  required  in  color  photography. 
First,  the  dye  which  is  formed  during  development  must  be  insoluble 
so  that  it  will  remain  in  the  film.  Resorcinol  is  an  excellent  coupler 
but  the  dye  formed  when  it  reacts  with  oxidized  developer  is  soluble  in 
the  developer  solution.  It,  therefore,  cannot  be  used  for  forming  a 
dye  image.  The  dye  formed  must  also  have  the  proper  color,  particu¬ 
larly  for  three-color  photography,  and  must  have  adequate  stability 
against  fading. 

The  Kodachrome  process  (Mees,  1935;  Davies,  1936)  of  the  Eastman 
Kodak  Company  makes  use  of  a  series  of  coupling-development  steps, 
each  developing  solution  containing  a  coupler  of  the  proper  type.  For 
such  use  the  couplers  must  be  adequately  soluble  in  the  developer 
solution  and  must  diffuse  freely  through  the  gelatin  so  that  the  dye 
images  may  be  formed  in  the  proper  layers  of  the  film.  The  specific 
couplers  which  best  fulfill  the  coupler  and  dye  requirements  of  this 
type  of  process  have  been  procured  through  extended  technological 
investigation.  Couplers  such  as  2,4-dichloro-l-naphthol,  p-nitrobenzyl- 
cyanide,  and  naphthoylacetanilide  are  of  the  types  which  could  be  used. 

In  many  color  processes  the  couplers  are  included  in  the  emulsions 
rather  than  in  the  developer  solution.  In  such  cases  the  coupler  com¬ 
pounds  must  be  of  such  a  nature  that  they  do  not  wander  from  one 
layer  to  the  next;  yet  they  must  retain  their  activity  so  that  they  will 
couple  with  the  oxidized  developer  to  form  a  dye  image.  These  char¬ 
acteristics  are  usually  achieved  by  attaching  large  organic  groups  to  the 
coupling  molecule.  The  nature  of  these  groups  is  such  that  they  im¬ 
mobilize  the  coupler  without  preventing  the  coupling  reaction  from 
taking  place.  Couplers  suitable  for  use  in  a  process  such  as  Agfacolor 
or  Ansco  Color  are  described  in  a  number  of  patents  (U.  S.  Patents 
2,179,239;  2,186,719;  2,186,732;  2,186,849;  2,186,851).  For  example, 
the  compound  Tstearoylamino-4-(l'-hydroxy-2'-naphthoylamino)-ben- 
zene-3-sulfonic  acid 


so3h 


H  O 

I  II 

N  C  C17H35 
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is  described  as  a  coupler  which  forms  a  cyan  dye  when  reacted  with 

OH 


oxidized  p-phenylenediamine  developers.  The  group 


is  the 


coupling,  or  dye-forming,  part  of  the  molecule.  The  group  Ci7H35  is 
the  immobilizing  part  of  the  molecule  which  prevents  the  coupler 
from  wandering  from  one  layer  to  another,  and  the  group  S03H  intro- 


Figure  7-6 


Couplers  producing  cyan  images 
5-(p-Amylphenoxybenzenesulfonamino)-l- 
naphthol 

2,4-Dichloro-5-palmitylamino-l-naphthol 

l-Hydroxy-2-(N-isoamyl-N-phenyl)-naphtha- 

mide 

1  -Naph  thol-  5-sulfo-cyclohexylamide 


(b) 

Ethyl  N-phenyl  carbamate 
n-Butyl  phthalate 
n-Hexyl  benzoate 
p-sec.-Amylbenzophenone 
Triphenyl  phosphate 
Tricresyl  phosphate 
p-Toluenesulfonyl  dimeth- 
ylamide 


Couplers  producing  magenta  images 
1  -p-sec.-Amylphenyl-3-n-amyl-  5-pyrazolone 
2-Cyanoacetylcoumarone-5-(N-n-amyl-p-tert.- 
amylsulfanilide) 

1-p-Laurylpheny  1-3-methyl- 5-pyrazolone 
1  -/3-Naphthyl- 3-amyl-  5-pyrazolone 


Couplers  producing  yellow  images 

N-amyl-p-benzoylacetaminobenzenesulfonate 

N-(4-Benzoylacetaminobenzenesulfonyl)-N-n- 

amyl-p-toluidine 

4,4'-Di-(acetoacetamino)-3,3'-dimethyldiphenyl 

Nonyl-p-benzoylacetaminobenzenesulfonate 


Fig.  7-6  (a)  Couplers  and  (b)  coupler  solvents  usable  in  a  process  such  as  Koda 

color  (U.  S.  Patent  2,322,027). 


duces  enough  solubility  so  that  the  coupler  may  be  dispersed  in  th 
emulsion.  The  two  latter  groups  do  not  have  any  significant  effect 
on  the  color  of  the  dye  which  is  formed.  The  experimental  work  lead¬ 
ing  up  to  the  development  of  the  nonwandering  couplers  used  in  Agfa- 
Jor  film  has  been  reported  by  Schneider,  Frohhch  and  Schu  e  W 
In  the  Kodacolor  process  of  the  Eastman  kodak  Company  (M  , 
1942)  the  couplers  in  the  three  emulsion  layers  are  not  dissolved  direct . 
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in  the  gelatin  itself  but  are  dissolved  in  an  oily  organic  material  whic  1 
is  in  turn  dispersed  in  the  form  of  very  fine  particles  in  the  emulsion. 
In  this  way  the  silver  halide  emulsion  is  protected  from  any  inter- 
reaction  with  the  couplers.  During  the  development  process  the  oxi¬ 
dation  product  of  the  developing  agent  dissolves  in  the  organic  liquid 
and  reacts  with  the  coupler  to  form  a  dye  within  the  organic  liquid.  A 
number  of  couplers  of  this  type  and  a  number  of  the  liquid  coupler 
solvents  which  may  be  used  for  dispersing  them  in  an  emulsion  are 
shown  in  the  table  of  Fig.  7-6. 

A  number  of  other  methods  of  immobilizing  couplers  against  wan¬ 
dering  from  one  layer  to  another  have  been  described.  U.  S.  Patent 
2,296,306  describes  couplers  which  have  attached  to  them  a  molecular 
group  which  forms  an  insoluble  salt  with  silver  ions.  The  silver  salt 
of  such  couplers  can  be  included  in  an  emulsion  and  will  form  a  dye 
on  subsequent  color  development.  Other  types  of  nonwandering 
couplers  are  prepared  (U.  S.  Patents  2,397,864;  2,397,867;  2,415,381; 
2,415,382;  2,422,680)  by  attaching  the  coupler  molecule  to  certain  types 
of  colloidal  materials.  These  materials  may  then  be  used  as  a  carrier 
for  the  silver  halide  grains  in  an  emulsion,  replacing  the  gelatin  which 
is  normally  used.  Thus,  the  coupler  itself  becomes  a  part  of  the  col¬ 
loidal  carrier  in  which  the  emulsion  is  formed. 

COLOR-DEVELOPER-SOLUTION  INGREDIENTS 

The  constituents  of  a  color-developer  solution  include  the  develop¬ 
ing  agent,  an  alkali,  a  buffer  to  preserve  the  alkalinity,  a  small  amount 
of  sulfite  to  act  as  preservative  (the  large  amount  of  sulfite  used  in  black- 
and-white  developers  usually  interferes  with  a  coupling  reaction),  bro¬ 
mide,  and  frequently  an  additional  organic  antifoggant.  If  the  coupler 
is  included  in  the  developer  solution,  an  organic  solvent  such  as  alcohol 
may  be  used  for  dissolving  the  coupler.  If  the  coupler  is  included  in 
the  emulsion,  it  is,  of  course,  omitted  from  the  developer  solution. 

CHEMICAL  REACTIONS  OF  COUPLING  DEVELOPMENT 

During  the  development  process,  or  under  the  influence  of  some 
other  means  of  oxidizing  the  developing  agent,  the  coupler  reacts  with 
the  oxidized  developer  as  follows: 
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N(CH3)2 


N(CH3)2 


OH 


NH. 


+ 


+  4Ag 


+ 


+  4Ag  +  4H+  (7-2  a) 


N 


Developer 


Coupler 


o 


Dye 


In  the  case  of  a  coupler  with  an  active  methylene  group  the  follow¬ 
ing  reaction  occurs: 


C6H5CONH— C 

II 

N 


CH2 

c=o 


+  h2n-/  )> 


— N(CH3)2  +  4Ag+ 


Coupler  Developer 


C6H5CONH— C - C=N — — N  (CH3)2  +  4Ag  +  4H+ 

N  C=0 

\  / 

N 


uye  (7  •  2b) 

Certain  couplers  have  the  coupling  position  occupied  by  a  strong 
active  negative  group  such  as  a  chlorine  atom.  In  such  cases  this  group 
is  split  off  during  the  coupling  reaction  and  the  same  dye  is  formed  as 
if  the  group  had  not  been  present.  For  example 
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N(CH,)2 


+  2Ag 
+  Cl' 


+  3H 


+ 


(7-2  c) 


Developer  Coupler  Dye 

In  this  reaction  only  2  molecules  of  silver  bromide  are  reduced  per 
molecule  of  developer  oxidized  as  compared  with  4  molecules  of  silver 
bromide  in  the  case  of  the  unsubstituted  coupler.  During  the  develop¬ 
ment  of  a  photographic  emulsion  a  dye  image  is  formed  according  to 
the  reactions  just  shown.  However,  in  addition,  some  of  the  oxidized 
developer  reacts  with  sulfite  which  is  normally  included  in  the  de¬ 
veloper  solution.  The  reaction  is 


N(CH3)2 


+  2Ag+  +  S03= 


nh2 


N(CH3)2 


nh2 


+  2Ag  +  H  + 


(7-2  d) 


In  addition  some  developer  is  oxidized  by  the  oxygen  in  the  air,  thus 
forming  dye  without  the  formation  of  silver.  Other  side  reactions  also 
occur  so  that  it  is  quite  difficult  to  demonstrate  experimentally  the 
4  to  1  ratio  of  the  amount  of  silver  and  dye  formed  as  indicated  by  the 
above  equations.  However,  the  structures  of  the  dyes  formed  from  a 
number  of  couplers  have  been  determined  and  are  in  agreement  with 
the  structures  given  by  the  equations. 


COLORED  COUPLERS 

In  many  color  photographic  processes  it  has  been  found  desirable 
to  use  couplers  which  are  themselves  colored,  and  whose  color  is  de¬ 
stroyed  when  the  coupler  reacts  with  oxidized  developer  to  form  the 
c  ye  image.  When  films  containing  such  couplers  in  the  emulsion  are 


developed  in  a  color  developer,  two  images  are  obtained  from  each 
colored  coupler.  The  first  is  that  obtained  from  the  reaction  of  the 
coupler  with  the  oxidized  developer  and  the  second  is  that  resulting 
from  the  residual  unused  coupler.  The  use  of  such  couplers  in  color 
photographic  processes  will  be  discussed  in  later  chapters. 

Such  colored  couplers  are  prepared  by  attaching  an  azo  dye  to  the 
active  position  of  the  coupler  so  that,  when  the  coupler  reacts  with 
oxidized  developer  to  form  a  dye,  the  colored  component  of  the 
coupler  itself  is  expelled  and  destroyed  and  the  normal  dye  is  formed. 
The  reaction  which  occurs  when  such  a  coupler  reacts  with  oxidized 
developer  is  illustrated  by  the  following  typical  dve-forming  reaction: 


C6H5CONH— C- 

II 

N 


-CH— N=N 

I 

C=0 


~<^  +  H2N-<(  ^-N(CH3)2  +  2Ag+ 


\  / 

N 


Colored  coupler  Developer 


c6h5conh— c- 


-C=N 


— N  (CH3)2  +  C6H6  +  N2  +  2Ag  +  2H+  (7  •  3) 


N  C=0 

V 


A  comparison  of  the  formula  of  the  azomethine  dye  formed  by  this  re¬ 
action  with  the  dye  formed  from  the  uncolored  coupler  (equation 
7  -2b,  p.  264)  shows  that  the  two  are  identical.  Couplers  of  this  type 
have  been  described  in  a  number  of  patents  (Canadian  Patents  436,354 
and  436,847;  U.  S.  Patents  2,428,054  and  2,434,272). 


Chemical  and  Dye-Toning  Methods 

The  term  toning  is  applied  to  photographic  processes  in  which  the 
developed  silver  image,  produced  through  exposure  and  development 
of  a  silver  halide  emulsion,  is  converted  into  a  colorant.  In  chemical 
toning”  the  silver  directly  controls  the  amount  of  a  pigment,  whereas 
in  “dye  toning”  the  silver  controls  the  amount  of  a  mordant  formed, 
and  dye  in  solution  is  adsorbed  to  the  mordant. 
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CHEMICAL  TONING 

In  chemical  toning,  the  silver  image  is  usually  bleached  to  a  bromide 
or  ferrocyanide  salt  and  at  the  same  time  an  insoluble  salt  of  another 
metal  is  deposited.  This  latter  is  then  converted  to  a  pigment  by  sub¬ 
sequent  treatment.  One  of  the  most  widely  used  chemical-toning 
processes  is  that  in  which  Prussian  blue  is  formed.  The  silver  image 
may  be  bleached  in  a  solution  containing  a  ferric  salt  and  a  ferricyamde 
to  form  Prussian  blue  directly.  Another  method  is  to  bleach  the  silver 
with  ferricyanide  in  the  absence  of  the  ferric  ion  and  then  convert  the 
silver  ferrocyanide  to  another  silver  salt  and  Prussian  blue  by  treatment 
in  a  solution  containing  ferric  ions.*  In  either  case  a  silver  salt  will 
remain  and  should  be  removed  by  hypo  in  order  to  obtain  a  transparent 
image. 

Similarly,  other  heavy  metal  ferrocyanide  images  may  be  obtained 
from  metals  whose  ferricyanides  are  soluble  and  whose  ferrocyanides 
are  insoluble.  In  some  cases  where  the  heavy  metal  ferricyanide  is  also 
insoluble,  precipitation  in  the  bleach  solution  may  be  prevented  by  the 
addition  of  a  complexing  ion  such  as  citrate  or  oxalate. 

Some  of  the  metal  ferrocyanides  are  sufficiently  colored  to  be  directly 
useful  as  color  images.  For  example,  uranium  toning  gives  a  dark 
brown  to  a  brick-red  image,  depending  upon  the  details  of  the  formulas 
used  in  the  toning  process  (Sedlaczek,  1924,  1925).  Others  may  be  con¬ 
verted  into  useful  pigments.  For  example,  a  nickel  ferrocyanide  image 
may  be  formed  by  the  reaction: 

4Ag  +  4Fe(CN)6=-  +  8Ni++  +  4Br~  ->  4AgBr  +  4Ni2Fe(CN)6 

(7-4) 

This  may  be  converted  to  a  magenta  or  reddish  image  of  nickel  di- 
methylglyoxime  by  treatment  in  a  solution  of  dimethvlglyoxime  (U.  S. 
Patent  2,171,609). 

^  ellow  images  may  be  obtained  by  converting  a  cadmium  ferrocy¬ 
anide  image  to  cadmium  sulfide  by  treatment  witfi  a  solution  of  sodium 
sulfide  (U.  S.  Patent  2,171,609).  Vanadium  ferrocyanide  and  lead 
chromate  have  also  been  used  as  yellow  images. 

DYE  TONING 

If  a  layer  of  gelatin  is  bathed  in  a  basic  dye,  the  absorbed  dye  can 
later  be  removed  readily  by  washing  the  gelatin  in  a  slightly  acid  solu- 

*  Because  of  uncertainty  with  regard  to  the  exact  chemical  structure  of  Prussian 
blue,  no  equations  for  reactions  are  given. 
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tion.  If,  however,  portions  of  the  gelatin  arc  treated  first  with  potas¬ 
sium  alum,  or  with  any  of  a  number  of  other  compounds  which  act  in 
a  similar  manner,  the  washing  will  not  remove  the  dye  from  the  treated 
portions.  A  substance  which  holds  the  dye  in  place  is  called  a  mordant. 
When  used  as  a  mordant,  potassium  alum,  for  example,  reacts  with  the 
gelatin,  and  later  the  dye  reacts  with  the  alum  to  form  an  insoluble 
pigment. 

As  used  in  forming  color  images,  the  silver  of  the  image  is  converted 
to  a  mordant,  or  replaced  by  one,  and  the  mordant  is  then  dyed  to  a 
suitable  color. 

The  mordanting  action  of  a  large  variety  of  materials  has  been  in¬ 
vestigated  (Clark,  1917;  Namias,  1909;  Traube,  U.  S.  Patent  1,093,503; 
Crabtree  and  Ives,  1928;  Wall,  1925,  pp.  364-389;  and  Friedman,  1944, 
pp.  327-353).  Nearly  all  the  heavy-metal  ferri  and  ferro  cyanides  are 
good  mordants  for  basic  dyes,  and  a  number  of  them  have  been  used 
in  practice.  Uranium  ferrocyanide  is  one  of  these  which  leads  to  a 
combined  pigment  dye  mordant  image.  Silver  ferrocyanide  itself  can 
be  used.  Crabtree  and  Ives  (1928)  have  described  a  method  for  a  single 
bath-toning  solution  in  which  the  dye  is  dissolved  in  the  ferricyanide 
bleach  solution.  A  list  of  dyes  suitable  for  this  process  is  shown  in 
the  table  of  Fig.  7*7. 

Figure  7-7 

Tannin  heliotrope 
Safranine  6B 
Safranine  Base 
Pink  B 

Chrysoidine  Y  Base 
Chrysoidine  3R 
Thioflavine  T 
Auramine 
Victoria  green 
Rhodamine  B 

Fig.  7-7  Dyes  suitable  for  use  in  a  single  solution  for  mordanting  and  dyeing 
(Crabtree  and  Ives,  1928,  f>.  662). 

Silver  iodide  is  one  of  the  most-used  mordants  for  basic  dyes.  This 
was  first  described  by  Traube  (1907  and  U.  S.  Patent  1,093,503).  Dyes 
which  have  been  suggested  for  use  with  silver  iodide  mordant  are 
shown  in  the  table  of  Fig.  7-8.  The  conditions  used  for  converting  the 
silver  image  to  silver  iodide  control  the  transparency  of  the  silver  iodide 
image,  and  methods  for  obtaining  perfectly  transparent  images  have 
been  described  (Miller,  U.  S.  Patent  1,214,940;  Brewster,  U.  S.  Patents 
1,992,169  and  2,320,028). 
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Figure  7*8 


Pyronin 
Acridin  red  B 
Xylene  red 
Acridin  orange 
Malachite  green 
Thionin  blue 
Methylene  blue 
Auramin 

Methylene  yellow 
Rhodamin 
Methyl  violet 

Fig.  7-8  Dyes  which  have  been  suggested  for  use  with  a  silver  iodide  mordant 
(Miller,  U.  S.  Patent  1,214,940). 

Silver-Dye-Bleacli  Methods 

Certain  dyes  can  be  bleached  in  the  presence  of  finely  divided  metallic 
silver.  Photographic  emulsions  containing  such  dyes  can  be  used  for 
obtaining  color  images.  Proper  treatment  will  destroy  the  dye  in  the 
vicinity  of  the  developed  silver  image,  thus  leading  to  a  reversal  dye 
image. 

This  type  of  process  was  first  patented  by  Christensen  (U.  S.  Patent 
1,517,049).  He  suggested  the  use  of  dyes  which  would  withstand  the 
action  of  strong  reducing  agents  such  as  hydrosulfite  or  stannous 
chloride  in  the  absence  of  silver,  but  which  would  be  “catalytically” 
reduced  by  these  agents  in  the  presence  of  silver. 

Gaspar  (U.  S.  Patents  2,020,775  and  2,410,025)  patented  a  process 
in  which  the  dyes  are  reduced  by  the  silver  and  the  silver  itself  is  oxi¬ 
dized.  The  reaction  bath  must  contain  a  compound  which  maintains 
a  low  silver-ion  concentration  by  forming  an  insoluble  silver  salt,  such 
as  silver  bromide  or  silver  chloride,  or  by  forming  a  very  stable  complex, 
such  as  thiourea.  Compounds  such  as  2,3-diaminophenazine  catalyze 
the  reaction. 

The  dyes  which  are  suitable  for  the  silver-bleach  process  are  those 
that  can  be  reduced  to  uncolored  materials  and  removed  from  the 
emulsion.  The  azo  dyes  are  by  far  the  most  important. 

The  chemistry  of  silver-dye  bleaching  with  halogen  acids  has  been 
studied  by  Arbuzov  (1939,  1940)  and  by  Arbuzov  and  Gilman  (1950). 
The  reaction  indicated  by  the  products  isolated  was  (Arbuzov,  1940,  p. 
62): 

RiN=NR2  4-  4HC1  4-  4Ag  RiNH2  4-  R2NH2  4-  4AgCl 

(7  -Sa) 


1  lie  reaction  occurring  in  the  “catalytic”  process  (Christensen,  U.  S. 
Patent  1, si 7,049)  may  be  written  as  follows: 

R1N=NR2  +  2Na2Sn02  +  2H20  A  RjNH,  4-  R2NH2  4-  2Na2Sn03 

(7  -5b) 

Removing  Silver  from  Colorant  Images 

Practically  all  the  methods  of  preparing  a  colorant  image  require 
that  the  silver  image  be  removed  after  the  colorant  image  is  formed. 
This  is  accomplished  by  treatment  with  an  oxidizing  agent  for  convert¬ 
ing  the  silver  to  a  silver  salt,  followed  by  fixing  in  hypo.  The  most 
commonly  used  agent  is  ferricyanide,  which  reacts  as  follows: 

Ag  4-  Fe(CN)6=-  +  Br~  -  AgBr  +  Fe(CN)6==  (7-6) 

Other  agents  sometimes  used  are  bichromate,  quinone,  and  cupric 
salts.  The  major  requirement  is  that  the  agent  be  capable  of  oxidizing 
the  silver  in  the  presence  of  a  halide,  without  attacking  the  colorant 
image.  Powerful  bleaches  such  as  permanganate  usually  attack  the 
colorant  image. 
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Color  Photographic  Systems 

CHAPTER  VIII 


COLOR  photographs  are  secured  by  first  recording  photographic  ex¬ 
posures  and  then  converting  the  exposure  records  into  color  images. 
There  are  many  methods  by  which  the  various  steps  may  be  accom¬ 
plished.  A  combination  of  methods  which  is  sufficient  to  carry  through 
the  entire  procedure  from  the  initial  exposures  to  the  final  photograph 
is  called  a  color  photographic  system.  A  photographic  process  is  a 
particular  type  or  form  of  system. 

Early  History  of  Trichromatic  Color  Photography 

The  basic  ideas  involved  in  all  the  established  trichromatic  systems 
of  color  photography  can  be  traced  back  to  one  English  scientist,  James 
Clerk  Maxwell,  and  two  French  inventors,  Louis  Ducos  du  Hauron 
and  Charles  Cros. 

JAMES  CLERK  MAXWELL 

Clerk  Maxwell  is  noted  for  his  electromagnetic  theory  of  light.  Ilis 
interests  extended  to  a  variety  of  phases  of  mathematical  and  experi¬ 
mental  physics,  however,  and  important  contributions  were  made  by 
him  in  mechanics,  electricity,  magnetism,  the  molecular  theory  of  gases, 
optics,  and  color  vision. 

In  a  lecture  on  the  theory  of  three  primary  colors,  given  at  the  Royal 
Institution  of  Great  Britain  on  May  17,  1861,  Maxwell  presented  the 
first  demonstration  of  a  photograph  in  color.  According  to  the  records 
of  that  meeting  (Maxwell,  1890c,  p.  449),  Maxwell  first  discussed 
Young’s  theory  of  vision  (Young,  1845,  pp.  344-345;  Helmholtz,  1924, 
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pp.  142-146)  and  the  principles  involved  in  making  color  mixtures. 
He  then  illustrated  these  methods  by  placing  three  positive  photo¬ 
graphic  transparencies  in  different  projectors  with  red,  green,  and  blue 
filters  in  their  respective  light  paths,  and  registering  the  projected 
images  on  a  screen.  As  a  photograph,  the  result  was  not  particularly 
good,  but  the  principle  involved  was  essentially  sound.  These  same 
principles  actually  had  been  enunciated  by  Maxwell  as  early  as  1855 
(Maxwell,  1890b,  pp.  136-137). 

The  photograph  demonstrated  by  Maxwell  was  prepared  by  Thomas 
Sutton,  a  well-known  photographer  of  that  time.  Sutton’s  description 
of  his  work  (Sutton,  1861)  conflicts  in  some  details  with  other  reports 
of  the  Maxwell  demonstration.  He  stated  that  four  photographic 
transparencies  were  made  and  projected,  a  yellow  filter  being  used  in 
addition  to  the  red,  green,  and  blue  ones.  The  two  versions  of  what 
took  place  cannot  be  reconciled,  but  it  is  certain  that  Maxwell  clearly 
understood  that  analysis  and  synthesis  by  three,  and  only  three,  basic 
colors  were  required. 

Sutton  found  it  difficult  to  obtain  a  photographic  result  with  the 
red  and  yellow  filters  and,  to  an  even  greater  extent,  the  green  filter. 
The  filter  solutions  finally  used  were  so  dilute  and  the  exposure  times 
so  long  that  it  is  quite  likely  that  only  radiations  from  the  ultraviolet 
and  blue  regions  of  the  spectrum  were  effective  in  each  case.  The 
lack  of  sensitivity  in  the  green  and  red  spectral  regions  was  character¬ 
istic  of  all  the  photographic  materials  available  at  that  time  and,  for 
the  major  part  at  least,  accounts  for  the  poor  quality  of  Maxwell’s 
results.  It  is  possible  that  much  of  the  color  seen  was  of  the  subjective 
type  due  to  adaptations  similar  to  those  which  make  two-color  pho¬ 
tography  appear  more  satisfactory  than  colorimetric  theory  would  sug¬ 
gest  (see  Evans,  1943). 

The  blue,  green,  and  red  filters  used  for  the  Maxwell  photograph 
were  obtained  with  solutions  of  copper  ammonium  sulfate,  cupric 
chloride,  and  ferric  thiocyanate,  respectively.  The  same  solutions  were 
used  in  making  the  exposures  as  in  projecting  the  final  picture.  As 
later  indicated  by  Ives,  and  in  accordance  with  present  established 
theories  of  color  reproduction  in  additive  color  photography  (see  pp. 
621-622),  the  absorption  distributions  of  the  taking  and  viewing  filters 
should,  in  general,  be  quite  different  from  each  other.  Maxwell’s  pro¬ 
cedure  did  not,  therefore,  conform  to  what  we  now  know  to  be  the 
theoretical  requirements.  In  fact,  we  may  say  that  Maxwell’s  ideas 
were  accepted  in  spite  of,  rather  than  because  of,  his  demonstration. 
Ilis  talk  crystallized  the  possibility  of  three-color  photography. 
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I.OUIS  DUCOS  DU  HAURON  AND  CHARLES  CROS 

Louis  Ducos  du  Hauron  is  reported  to  have  become  interested  in  the 
reproduction  of  colors  by  photography  in  1859,  when  he  was  twenty- 
oTyears  old  (Potonniee,  1959).  In  1862  he  submitted  to  a  friend 
of  his  family,  M.  Lelut,  a  paper  embodying  his  theory  of  color  repro¬ 
duction.  In  it  du  Hauron  suggested  that  it  would  be  possible  to  obtain 
a  color  picture  by  obtaining  separate  photographic  records  of  the  red, 
yellow,  and  blue”  portions  of  a  subject,  by  coloring  these  in  their  proper 
tints,  and  by  superimposing  the  results.  This  paper,  entitled  et  10  e 
de  reconstitution  photographique  des  couleurs,”  is  the  earliest  known 
description  of  a  subtractive  color  process.  Except  for  a  few  individuals, 
however,  little  was  known  about  the  paper  until  1869,  and  it  was  not 
published  in  complete  form  until  1897  (Ducos  du  Hauron,  1897). 

A  description  of  an  actual  method  that  du  Hauron  had  developed 
for  obtaining  color  photographs  was  published  in  a  newspaper,  Le  Gm 
(Ducos  du  Hauron,  1869d),  and  reported  on  by  him  to  the  Societe 
Francaise  de  Photographie  (Ducos  du  Hauron,  1869b).  According  to 
this  procedure,  three  negatives  were  first  made  of  the  ‘'orange,  violet, 
and  green”  components  of  the  light  from  the  subject.  1  he  separa¬ 
tions  of  the  colors  would  be  made  physically  by  using  filters  of  colored 
media,  or  by  using  photographic  compounds  sensitive  only  to  certain 
parts  of  the  spectrum.  Relief-image  positives  were  then  made  from 
the  negatives,  using  bichromated  gelatin  containing  a  dye  or  pigment. 
The  gelatin  used  with  each  negative  was  approximately  complementary 
in  color  to  that  of  the  filter  used  in  making  the  exposure,  the  colors 
being  described  as  blue,  yellow,  and  red.  The  three  positives  were 
superimposed  in  register  to  make  up  the  final  picture. 

Du  Hauron  also  stated  that  color  reproductions  could  be  obtained 
in  other  ways,  such  as  successive  impressions  of  “red,  yellow,  and  blue” 
printing  inks;  projections  of  colored  positives  which  blend  on  the 
screen;  and  by  plates  carrying  a  screen  of  “green,  violet,  and  orange” 
lines  which  serve  as  filters  and  reconstruct  the  true  colors  of  the  original 
scene  (Potonniee,  1939).  Hence,  in  1869  he  recognized  the  differing 
color  requirements  of  additive  and  subtractive  mixtures.  He  forecast, 
in  fact,  almost  all  the  color  processes  which  have  since  been  invented. 

At  about  the  same  time,  independently  of  du  Hauron,  Charles  Cros 
(1869)  described  several  processes  by  which  color  photographs  could 
be  obtained.  He  suggested  the  taking  of  separation  negatives,  using 
cither  successive  analysis  or  simultaneous  analysis.  Successive  analysis 
could  be  accomplished  by  “blue,  yellow,  and  red”  stained  glass  filters, 
by  a  prism  which  was  rotated  between  exposures,  or  by  three  successive 
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colors  of  illumination.  Simultaneous  analysis  could  be  accomplished 
by  a  lens,  a  prism  to  separate  the  light  into  its  colors,  and  by  additional 
lenses  to  pick  up  and  focus  the  components.  He  described  several 
methods  for  synthesizing  the  three  images,  including  persistence  of 
vision,  optical  superposition  of  the  images  using  prisms,  superposition 
of  transparent  pigments,  or  inks  making  up  the  images.  As  described, 
the  pigment  layers  could  be  made  by  exposing  through  the  negatives 
a  sensitive  layer  consisting  of  gelatin,  potassium  bichromate,  and  the 
necessary  coloring  matter.  After  exposure  the  image  would  be  formed 
by  washing  away  the  unhardened  gelatin.  It  was  stated  that  the  colors 
should  be  orange,  violet,  and  green,  the  complementaries  of  the  taking 
colors.  Cros  made  no  attempts  at  the  practical  realization  of  his  sug¬ 
gestions,  stating  that  he  was  content  to  outline  the  methods  for  others 
to  use. 

For  several  decades  after  the  original  disclosures,  Ducos  du  Hauron 
continued  his  experimental  work.  No  new  types  of  color  processes  were 
discovered,  but  a  number  of  ideas  were  developed  concerning  the  prac¬ 
tical  realization  of  the  types  already  suggested  (see  historical  discus¬ 
sion,  Ducos  du  Hauron,  1897,  pp.  448-484).  The  several  attempts  at 
the  commercial  exploitation  of  particular  processes  were  all  failures. 

OTHER  EARLY  DEVELOPMENTS 

Maxwell,  du  Hauron,  and  Cros  laid  the  foundations  upon  which 
modern  processes  are  based;  there  were  other  individuals  at  about  the 
same  time  who  displayed  interest  in  color  photography  and  who  inde¬ 
pendently  arrived  at  what  were  at  least  partial  understandings  of  the 
basic  principles  involved. 

Henry  Collen  (1865),  a  painter  in  London,  outlined  a  method  for 
obtaining  pictures  of  objects  in  their  natural  colors.  He  suggested  that 
three  negatives  be  made  with  photographic  substances  sensitive  only 
to  the  “blue,  red,  and  yellow7'  rays  of  light,  respectively.  Positives 
would  be  made  from  the  negatives  and  superimposed  on  each  other 
to  give  the  completed  picture. 

G.  Fritsch  of  Berlin  made  similar  proposals  (Wall,  1925,  pp.  7-8). 
These  proposals  were  said  to  have  been  written  in  1863  while  Fritsch 
was  stationed  in  South  Africa,  but  they  were  not  made  public  until 
1866.  He  suggested  that  a  separation  of  the  fundamental  colors  could 
be  accomplished  either  by  lighting  the  subject  with  the  colors,  one  at 
a  time,  or  by  means  of  filters.  The  finished  picture  would  be  obtaine 
from  positives  made  with  colored  collodion  film  superimposed  in 

register. 
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There  is  no  evidence  that  either  Collen  or  Fntsch  attempted  to  put 
their  suggestions  to  practical  tests.  Their  procedures  for  obtain  mg 
the  colored  positives  from  the  negatives  were  probably  not  workable 
and  to  some  extent  were  wrong  in  principle.  Nevertheless  their  idea, 
were  sufficiently  close  to  the  correct  ones  so  that  it  is  likely  that,  if  t  hey 
had  been  used  as  a  basis  of  experimentation,  satisfactory  methods 

would  have  evolved.  .  .  .  c  i  • _ 

In  1865  Baron  Ransonnet  of  Vienna  conceived  the  idea  of  applying 

the  three-color  principle  to  photolithography  (Eder,  1945,  p.  642).  His 
plan  was  to  isolate  the  color  components  of  the  object  photographed 
by  using  liquid  filters,  but  he  failed  in  this  because  of  the  lack  of  a 
sufficiently  wide  range  of  spectral  sensitivity  in  the  emulsions  then 
available.  Ransonnet  did  make  a  number  of  photolithographic  prints 
using  fewer  color  plates  than  were  commonly  employed  at  that  time. 
Although  it  is  believed  that  he  was  hoping  to  limit  the  number  to 
three,  apparently  he  succeeded  in  obtaining  satisfactory  results  only 
with  a  minimum  of  five.  Other  photolithographers  were  then  using  a 
dozen  or  more  different  color  plates  for  a  single  print. 


Physical  Reproduction  of  Color 

Physical  reproduction  of  color  differs  from  trichromatic  reproduction 
in  that  the  attempt  is  made  to  reproduce  the  spectral  distribution  of 
light  incident  upon  the  film  rather  than  merely  to  obtain  a  trichromatic 
color  match.  Because  of  the  slow  speeds  and  the  special  viewing  con¬ 
ditions  which  are  necessary,  such  systems  of  color  photography  have 
never  been  commercially  successful.  Reasonably  good  photographs 
have  been  made,  however,  and  several  of  the  processes  are  of  scientific 
and  historic  interest. 


LIPPMANN  PROCESS 

In  1810  Seebeck  of  Jena  discovered  that,  when  silver  chloride  was 
given  a  long  exposure  to  the  different  wavelengths  of  a  solar  spectrum, 
it  assumed  colors  somewhat  resembling  those  to  which  it  had  been 
exposed  (Eder,  1945,  p.  154).  The  blues  and  reds  reproduced  best. 
1  he  violet  portion  of  the  spectrum  yielded  a  reddish  brown;  the 
yellows  appeared  to  have  little,  if  any,  photographic  effect. 

The  results  of  Seebeck’s  experiment  were  confirmed  by  Sir  John 
I  Ierschel  in  1839,  by  Edmond  Becquerel  in  1848,  and  by  others  (Eder, 
1945,  pp.  153-155,  664-668;  Ives,  1888,  pp.  356-357),  but  the  process 
was  never  of  practical  value.  Lengthy  exposure  in  direct  sunlight  was 
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required.  The  colors  were  not  particularly  good,  either  as  reproduc¬ 
tions  or  in  terms  of  their  own  brightnesses  or  saturations,  and  such  as 
they  were,  could  not  be  fixed. 

Although  of  no  importance  as  a  photographic  process,  this  phenom¬ 
enon  remained  for  many  years  a  challenge  to  scientists  attempting  to 
formulate  a  satisfactory  theory  for  explaining  the  behavior  of  light. 
Zenker  in  1868  (Eder,  1945,  p.  667)  suggested  that  the  colors  in  silver 
chloride  resulted  from  light  interference  which  is  caused  by  thin  laminae 


Fig.  8T  Diagram  illustrating  Lippinann  process  (Wood,  1934,  p.  214).  Light 
incident  on  the  film  through  the  base  is  reflected  at  the  mercury  surface.  Interfer¬ 
ence  between  the  incident  and  reflected  light  creates  standing  waves  within  the  film 
emulsion. 

of  silver.  The  formation  of  the  laminae  was  ascribed  to  stationary 
waves  of  light  in  the  silver  chloride  during  exposure,  these  waves  also 
being  associated  with  interference  phenomena.  Accepting  the  same 
explanation  and  enlarging  upon  it,  Otto  Wiener  in  1890  (Joly,  1894) 
detailed  the  conditions  under  which  a  satisfactory  photograph  based 
upon  light  interference  could  be  made,  using  a  silver  chloride  collodion 
emulsion  rather  than  silver  chloride  crystals.  In  1891  G.  Lippinann 
of  Paris  succeeded  in  carrying  through  these  suggestions  with  an  albu¬ 
men  emulsion  of  exceedingly  fine  grains  (Lippinann,  1891;  1892 a,b; 
190 6b). 

The  Lippmann  process  is  illustrated  schematically  in  Fig.  8-1.  The 
exposure  is  made  through  the  base  of  the  film,  with  the  emulsion  side 
placed  in  contact  with  a  pool  of  mercury.  Light  reflected  at  the  mer¬ 
cury  surface  is  shifted  in  phase  by  one-half  of  a  wavelength,  and  stand¬ 
ing  waves  are  set  up.  A  nodal  point  exists  at  the  point  of  contact  be¬ 
tween  the  film  and  the  mercury,  and  at  half-wavelength  intervals  out 
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from  this  point.  No  exposure  is  given  the  emulsion  at  the  node;  but 
at°  the  antinodes  there  isa  maximum  of  exposure.  A  sectron  hrough 
a  developed  film  exposed  to  red  light  is  illustrated  in  Fig.  8-2.  the 
region  a  is  that  which  was  in  close  contact  with  the  mercury  and  is 
essentially  free  of  silver  deposit.  The  first  silver  lamina  is  indicated 
at  b.  The  number  of  such  laminae  is  usually  4  to  8.  As  many  as  13 
have  been  noted  in  some  cases.  Because  of  the  diffusion  of  the  lig  it, 


the  laminae  become  quite  indistinct 
in  the  vicinity  of  d,  and  beyond  e  they 
disappear  almost  completely.  The 
laminar  regions,  in  the  thicker  emul¬ 
sions,  usually  extend  through  from 
one-third  to  one-half  of  the  total 
thickness. 

The  separations  between  laminae 
depend  upon  the  wavelengths  of  the 
exposing  light,  being  less  for  blue  and 
green  light  and  greater  for  yellow, 
orange,  and  red  light.  Usually  there 
are  more  laminae  and  they  arc  more 
distinct  for  highly  saturated  colors. 

In  a  white,  the  first  transparent  region 
and  the  first  lamina  are  replaced  by 
an  opaque,  highly  reflecting  deposit 
(Cajal,  1907,  p.  61).  Desaturated  col¬ 
ors  also  have  a  fairly  high  reflecting  surface  with  laminae  corresponding 
to  the  dominant  color  beneath  this  surface. 

The  finished  picture  is  viewed  from  the  emulsion  side  by  reflected 
light.  The  colors  arc  due  to  reflection  by  the  silver  laminae,  only  those 
wavelengths  that  correspond  to  the  laminae  separations  being  reflected. 
T  he  appearance  is  believed  to  be  due  mostly  to  reflection  and  interfer¬ 
ence  from  the  two  uppermost  laminae  (Cajal,  1907,  p.  70).  The  photo¬ 
graph  is  backed  by  a  black-absorbing  material  to  prevent  reflection 
from  the  rear  surface.  The  viewing  light  in  both  its  incidence  and 
emergence  must  be  nearly  normal  to  the  surface.  To  avoid  surface 
reflections  which  would  desaturate  the  colors  of  the  photograph,  a 
thin  glass  wedge  is  usually  placed  in  optical  contact  with  the  photo¬ 
graph.  The  picture  is  then  viewed  at  such  an  angle  that  the  light 
specularly  reflected  from  the  front  surface  is  directed  away  from  the 
eye. 


Fig.  8-2  Section  through  Lipp 
mann  type  photograph  (Cajal,  1907, 
P-  59). 


Lippmann-type  photographs  suffer  from  other  limitations  in  addi¬ 
tion  to  those  imposed  by  the  very  narrow  range  of  angles  through  which 


277 


they  may  be  viewed.  One  is  the  extreme  slowness  of  the  fine-grain 
emulsions.  Exposures  of  10*  to  106  times  those  for  standard  emulsions 
must  be  used  (Friedman,  1944,  p.  24).  The  process  is  also  exceedingly 
sensitive  to  development  effects.  Because  of  competition  for  developer 
and  the  retardation  effects  of  oxidized  developer,  complex  wave  pat¬ 
terns  are  not  always  exactly  reproduced.  Marked  deviations  in  color 
often  result  in  such  instances.  Slight  changes  in  the  over-all  thickness 
of  the  film  will  also  result  in  color  distortions.  Absorption  of  moisture 
increases  the  thickness  and  tends  to  shift  all  colors  toward  the  longer 
wavelengths.  Similarly,  anything  causing  shrinkage  of  the  film  tends 
to  shift  colors  toward  the  shorter  wavelengths. 

In  theory,  the  light  which  is  transmitted  by  a  Lippmann  photograph 
would  be  complementary  to  that  seen  by  reflected  light.  Actual  ex¬ 
amination  shows  this  to  be  true,  but  the  transmitted  image  is  exceed¬ 
ingly  weak.  Attempts  have  been  made  to  reproduce  Lippmann  photo¬ 
graphs  by  exposing  through  the  original  to  produce  a  photograph  in 
complementary  colors  and  then  exposing  through  this  one  to  obtain 
a  duplicate  of  the  original.  Because  of  the  low  intensity  of  the  trans¬ 
mitted  image  in  each  case  this  process  has  never  appeared  practicably 
feasible.  Duplicates  of  Lippmann  photographs  have  never  been  suc¬ 
cessfully  prepared. 

Despite  all  these  limitations,  many  excellent  Lippmann  photographs 
have  been  made.  These  show  brilliance  and  excellence  of  reproduction 
which  compare  favorably  with  present-day  three-color  processes. 

MICRODISPERSION  METHOD 

The  microdispersion  or  microspcctral  method  of  color  photography 
is  reported  to  have  been  invented  independently  twice  in  England,  by 
Lanchester  in  1895  and  by  Rheinberg  in  1904,  and  twice  in  France 
in  1906,  by  Clieron  and  by  Lippmann  (see  Wall,  1925,  pp.  659-665; 
Rheinberg,  1904;  Rheinberg  and  Rheinberg,  1912;  Lippmann,  1906c/; 
Clieron,  1906  and  1907c/,  b).  The  specific  procedures  suggested  by 
these  men  differed  in  detail,  but  all  of  them  were  based  upon  the  same 
general  principles. 

The  optical  arrangement  necessary  for  the  microdispersion  method 
is  illustrated  in  Fig.  8-3.  Light  from  the  object  being  photographed 
is  focused  by  the  first  objective  lens  on  a  line  screen  or  grating  in  which 
the  dark  lines  are  somewhat  wider  than  the  spaces  between  them.  A 
second  objective  lens  is  placed  so  that  it  will  focus  the  line  sciccn 
through  a  prism  onto  the  photographic  plate.  Without  the  prism,  the 
image  on  the  photographic  plate  would  be  that  of  the  original  object, 
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except  that  it  would  consist  only  of  line  elements  separated  by  dark 
spaces.  With  the  prism  in  place,  the  light  passmg  through _the ^  open¬ 
ings  of  the  grating  gives  tiny  spectra  which  spread  out  on  the  surface 
of  the  photographic  plate  in  accordance  with  their  eo  ors. 

The  opaque  lines  of  the  grating  screen  arc  usually  broader  than 
the  clear  interspaces  by  a  factor  of  3  or  more.  The  narrower  the  open¬ 
ings  the  better  is  the  separation  of  colors  in  the  spectra,  but  t  e 
greater  is  the  loss  of  light.  The  number  of  lines  is  chosen  to  give  about 
100  spectra  per  inch  on  the  photographic  plate. 


Focusing  screen  or 
photographic  plate 


First 

objective 


o 

J3 

O 


Second 

objective  Prism 


Fig.  8-3  Microdispersion  method  of  color  photography  (Rheinberg  and  Rheinberg, 
1912,  p.  165). 


Once  the  plate  has  been  exposed,  it  is  developed  and  a  positive  is 
made  from  it.  Viewed  directly,  this  positive  appears  to  be  an  ordinary 
black-and-white  photograph.  Upon  magnification,  the  line  structure 
of  the  image  is  in  evidence.  To  obtain  the  photograph  in  color,  the 
positive  is  placed  in  the  optical  set-up  so  that  its  image  is  in  the  exact 
location  occupied  by  the  image  during  exposure.  If  white  light  is 
now  passed  through  the  optical  system  in  the  same  direction  as  that 
used  for  the  exposure,  the  colors  in  the  photograph  will  appear.  Light 
may  also  pass  through  the  system  in  the  reverse  direction,  giving  the 
color  photograph  on  the  grating  which  may  be  viewed  directly;  or  it 
may  be  projected  onto  another  screen. 

Lippmann  (1906cz,  pp.  644-645)  suggested  a  variation  of  the  microdis¬ 
persion  method  in  which  a  diffraction  grating  is  superposed  on  the 
line-screen  grating,  thus  eliminating  the  necessity  of  the  prism.  He 
recommended  using  a  ruled  screen  of  five  lines  per  millimeter  with  a 
grating  of  500  lines  per  millimeter.  There  is  no  record  of  this  method 
being  tried  out  in  practice. 
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Development  of  Practical  Color  Systems 

Since  the  early  attempts  by  Maxwell  and  Ducos  du  Hauron,  there 
has  been  an  almost  continuous  effort  to  design  practical  and  usable 
procedures  for  the  photographing  of  objects  in  color.  Many  approaches 
to  the  problem  were  written  down  and  never  tried;  many  trials  failed 
in  their  early  stages;  and  many  failed  after  some  attempts  at  commer¬ 
cialization.  Nevertheless,  the  knowledge  gained  during  this  early  stage 
has  contributed  materially  to  the  development  of  the  present-day  com¬ 
mercially  successful  processes.  An  understanding  of  a  number  of  these 
processes  and  the  reasons  why  they  failed  is  an  important  phase  of  the 
understanding  of  color  photography. 

CLASSIFICATION  OF  SYSTEMS  OF  THREE-COLOR 
PHOTOGRAPHY 

Processes  of  three-color  photography  are  commonly  distinguished  on 
the  basis  of  being  either  additive  or  subtractive.  Strictly  speaking, 
these  terms  do  not  apply  to  the  taking  process,  but  only  to  the  manner 
in  which  the  final  images  are  obtained  or  viewed.  Even  for  viewing, 
the  difference  is  not  always  as  definite  as  is  sometimes  presumed,  al¬ 
though  such  a  distinction  is  a  useful  one.  Some  processes  of  both  the 
additive  and  subtractive  type  depend  upon  the  use  of  three  photo¬ 
graphs  on  separate  pieces  of  film  or  on  entirely  separated  portions  of 
the  same  film.  The  set  of  three  photographs,  usually  exposed  through 
red,  green,  and  blue  filters,  are  commonly  referred  to  as  separation  neg¬ 
atives  or,  if  positives,  as  separation  positives.  Once  separation  negatives 
are  obtained,  they  may  be  used  for  either  additive-  or  subtractive-type 

processes. 

In  all  types  of  color  photographic  processes  the  images  must,  of 
course,  be  separate  from  each  other  in  some  manner.  In  additive 
processes  these  separations  may  be  in  tiny  areas  which  are  displaced  later¬ 
ally  from  each  other  along  the  photographic  film  or  plate;  in  subtractive 
processes  they  are  often  placed  in  layers  through  the  film.  1  hey  differ 
from  the  systems  in  the  first  category  in  that  the  carriers  for  these  images 
are  not  commonly  pulled  apart  from  one  another  and  dealt  with  indi¬ 
vidually.  .  , 

In  processes  not  depending  upon  separation  negatives,  the  camera 

film  or  another  film  essentially  like  it,  serves  also  for  viewing.  In  these 
cases,  the  terms  additive  or  subtractive  can  he  conveniently  applied  to 
characterize  the  complete  system. 
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A  classification  of  color  photographic  processes  based  upon  these 
considerations  is  as  follows: 


I.  Systems  involving  separated  photographic  images. 

A.  Taking  methods. 

1.  Successive  exposures.  ,  cu  „ 

a.  Ordinary  camera;  successive  exposures  with  change  of  filters  and 

film. 

b.  Automatic  or  semiautomatic  film  and  filter  changers. 

2.  Simultaneous  exposures. 

a.  Triple-lens  system. 

b.  Beam  splitter. 

(1)  Three  gate. 

(a)  Lenses  behind  beam  splitter. 

(b)  Lens  in  front  of  beam  splitter. 

(2)  Two  gate;  bipack,  single  film  combination. 

3.  Tripack. 

4.  Multilayer  stripping  film. 

B.  Additive  viewing  methods. 

1.  Simultaneous  viewing  or  projection. 

2.  Successive  projection  (motion  picture  only). 

C.  Subtractive  photographs. 

1.  Superposed  gelatin  tissues. 

2.  Dye  transfer  (imbibition). 

3.  Toning  and  mordanting. 

II.  Systems  not  necessarily  involving  separated  photographic  images. 

A.  Additive. 

1.  Screen  plate. 

2.  Lenticular. 

B.  Subtractive  (multilayer  film). 

1.  Dye  bleaching. 

2.  Dye  coupling. 


of 


The  above  classification  divides  color  photographic  systems  into  two 
broad  categories,  the  first  involving  separated  negatives  or  positives  and 
the  second  not  necessarily  involving  separated  photographic  images. 
In  any  of  the  systems  of  the  second  type,  use  can,  of  course,  be  made  of 
separated  negatives,  but  they  are  not  essential.  It  should  also  be  em¬ 
phasized  that  in  obtaining  a  finished  photograph  it  is  not  essential  that 
one  system,  and  one  system  alone,  be  used.  It  is  entirely  possible  to 
make  the  camera  exposure  on  a  subtractive  multilayer  film  and  from 
this  to  obtain  separation  negatives.  From  the  separation  negatives  any 
of  a  number  of  other  types  of  photographs  may  be  made.  On  the 
other  hand,  separation  negatives  may  first  be  obtained  and  then  be 
employed  to  obtain  screen-plate  additive  photographs  or  multilayer 
subtractive  photographs. 
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SUCCESSIVE  EXPOSURES 


One  of  the  simplest  methods  of  obtaining  separation  negatives  is 
by  means  of  successive  exposures.  An  ordinary  camera  may  be  used. 

1  hree  photographs  of  the  same  scene  are  taken  in  succession  with  a 
change  of  film  and  filters  between  exposures.  The  camera  must  be 
rigidly  mounted  and  severe  precautions  taken  to  insure  that  there  is 
no  movement  between  successive  exposures.  The  filters  are  commonly 
mounted  close  to  the  lens,  either  directly  in  front  of  it  or  directly  be¬ 
hind  it. 

The  speed  with  which  the  film  and  filters  can  be  changed  in  the 
ordinary  camera  is  fairly  low.  In  order  to  reduce  the  time  necessary 
for  this  change,  slide  holders  are  sometimes  prepared  which  contain 
the  film  and,  directly  in  front  of  it,  the  filters.  The  photographer  shifts 
the  holder  between  exposures,  changing  quickly  from  one  to  the  next. 
Cameras  have  also  been  made  which,  upon  the  release  of  a  spring, 
carry  through  the  complete  operation  without  further  attention  from 
the  photographer. 

Successive  exposures  of  any  of  these  types  are  mostly  limited  to  still- 
life  subjects.  Even  with  the  automatic  repeating  back  cameras,  the 
total  exposure  time  will  normally  be  of  the  order  of  a  second  or  two, 
so  that  any  motion  in  the  scene  would  be  apparent  in  the  final  photo¬ 
graph.  For  still-life  subjects,  however,  the  successive  exposure  method 
provides  a  simple  and  relatively  inexpensive  procedure  for  obtaining 
separation  negatives. 

Attempts  have  been  made  to  apply  the  successive-exposure  technique 
to  motion-picture  work.  In  this  case  the  final  viewing  is  normally 
done  by  successive  projection.  No  commercially  successful  processes, 
however,  have  been  developed  which  are  based  upon  such  a  method. 
The  speed  with  which  the  film  must  pass  through  the  camera  is  greatly 
increased,  a  speed  of  72  frames  per  second  being  necessary  to  corre¬ 
spond  to  the  ordinary  speed  of  projection  in  black-and-white  film. 
Even  at  this  high  rate,  there  may  be  sufficient  movement  between  suc¬ 
cessive  frames  to  cause  disturbing  effects  on  the  final  images.  These 
appear  as  fringes  on  moving  objects.  One  example  would  be  the  color 
fringes,  or  possibly  the  completely  separated  color  images,  of  the  wag¬ 
ging  tail  of  a  dog. 

TRIPLE-LENS  SYSTEMS 

Attempts  have  also  been  made  to  obtain  separation  negatives  by 
means  of  triple-lens  systems.  The  three  lenses  are  mounted  side  by 

282 


side  in  a  triangular  fashion,  or  in  some  other  convenient  arrangement 
The  exposures  through  the  individual  lenses  are .taken .  m  the  normal 
fashion  usually  all  three  onto  the  same  piece  of  film.  Red  green,  an 
blue  filters  must,  of  course,  be  placed  in  the  three  respathvc _  ig  pa  • 
Although  the  triple-lens  system  provides  for  the  simultaneous  ex 
posures  of  the  three  images  and  makes  efficient  use  of  the  incident 
light  it  has  not  been  successful  because  of  the  slight  parallax  imo  ve 
in  the  three  images.  The  axes  of  the  lenses  are  normally  placed  par¬ 
allel  to  each  other.  This  means  that,  when  the  three  developed  films 
are  properly  registered,  distant  objects  will  be  superimposed  for  the 
three  colors.  Near-by  objects,  however,  will  be  displaced  slightly  from 
each  other.  This  results  in  color  fringing,  the  width  of  the  fringes  being 
a  function  of  the  distance  of  the  object  from  the  camera  during  ex¬ 
posure.  A  formula  given  by  Rendall  (1924)  for  the  parallax  fringe  is 

as  follows: 

Focal  length  of  lens  X  Lens  separation 

Parallax  =  - — - f  T -  ^  •  1 ) 

1  )iRi-anre  ot  obiect 


Modifications  of  the  triple-lens  camera  directed  toward  reducing  the 
lens  sizes  and  displacements  from  one  another  have  not  resulted  in 
sufficient  improvement  to  render  the  method  feasible. 


BEAM  SPLITTERS 

The  most  successful  cameras  for  three  simultaneous  exposures  have 
been  those  making  use  of  a  beam  splitter.  These  are  commonly  re¬ 
ferred  to  as  single-exposure  or  one-shot  cameras.  They  are  used  exten¬ 
sively  in  motion-picture  work. 

One  of  the  earliest  methods  for  viewing  photographs  in  color  was 
by  means  of  the  chromoscope,  also  sometimes  called  the  photochromo¬ 
scope  or,  by  F.  E.  Ives,  the  Kromskop.  The  chromoscope  cameras  used 
in  taking  the  photographs  for  the  chromoscope  depended  upon  glass 
reflectors  which  served  as  beam  splitters.  Instruments  of  this  tvpe  were 
described  by  du  Hauron  in  1862  (Ducos  du  Hauron,  1897)  and  by  Cros 
(1869).  F.  E.  Ives  patented  and  displayed  a  number  of  different 
chromoscope  cameras,  one  of  which  is  illustrated  in  Fig.  8-4. 

\\  all  (192:>,  pp.  105-151)  has  described  a  number  of  chromoscopes, 
and  Coote  (1941)  has  traced  the  evolution  of  the  single-exposure  camera 
down  to  the  modern  types.  The  single-exposure  cameras  have  been 
of  a  variety  of  types.  The  splitting  of  the  beam  into  the  three  com¬ 
ponents  has  been  accomplished  by  means  of  semireflecting  flat  pieces 
of  glass  and  by  prisms.  To  increase  the  amount  of  reflection  from  the 
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glass  beam  splitters,  they  have  sometimes  been  half-silvered  or  partially 
coated  on  the  surface  by  some  metal  of  high  reflectivity. 

In  most  designs  the  splitting  of  the  beam  takes  place  between  the 
camera  lens  and  the  three  films.  In  other  designs,  however,  the  inci¬ 
dent  light  first  strikes  the  beam  splitter  and,  after  its  separation  into 
three  beams,  passes  through  three  lenses  and  onto  the  three  films.  A 


Fig.  8-4  Chromoscope  camera  (Ives,  1898,  p.  30).  Light  entering  through  the 
lens  A  is  partly  transmitted  and  partly  reflected  by  the  semitransparent  mirror  B. 
The  transmitted  portion  is  reflected  by  means  of  the  prisms  E  and  F,  through  the 
color  filter  M,  and  on  to  the  lower  portion  of  the  sensitive  plate  N.  The  reflected 
portion  of  the  light  from  B  strikes  the  semitransparent  mirror  C.  The  transmitted 
portion  of  this  light  is  reflected  through  the  prism  D  and  color  filter  K  on  to  N. 
The  reflected  light  from  C  is  reflected  by  means  of  the  prisms  G  and  E,  passes 
through  the  color  filter  L,  and  on  to  the  center  portion  of  the  sensitive  plate  N. 

single  lens  has  the  advantage  of  a  more  compact  design,  but,  because 
the  splitting  of  the  beam  must  take  place  behind  the  lens,  its  focal 
length  must  be  fairly  long.  The  triple-lens  system  has  the  advantage 
of  shorter-focal-length  lenses.  The  light  passing  through  each  lens 
which  is  to  be  effective  on  the  film  is  of  fairly  narrow  spectral  ban 
width  so  that  these  lenses  need  not  have  as  much  chromatic  correction 
as  is  necessary  for' the  single-lens  type.  The  over-all  arrangement  is  less 
compact  and  requires  a  much  more  complicated  focusing  arrangement. 
The  triple-lens  system  has  been  used  less  extensively  than  the  single-lens 

One  of  the  most  serious  defects,  particularly  of  the  earlier  types  of 
beam  splitters,  was  the  variation  in  intensity  of  illumination  over  the 
film  surface.  This  phenomenon  is  referred  to  as  wedging.  In  l'ig.  b-8 
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Fig.  8-6  Single-exposure  beam  splitting  camera.  Light  through  the  lens  is  partially 
transmitted  and  partially  reflected  by  the  semitransparent  mirrors  A  and  D.  The 

three  beams  so  obtained  pass  through  the  color  filters  B,  E,  and  G,  to  the  films  C 
F,  and  H. 
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the  central  portion  of  the  beam  is  incident  on  the  semireflecting  glass 
at  an  angle  of  45°.  The  angle  of  incidence  for  the  outer  marginal  rays 
varies,  however,  from  about  30°  to  60°.  The  amount  of  light  reflected 
increases  between  these  two  angles  by  a  factor  of  nearly  2  (see  p.  359). 
A  partial  remedy  for  this  defect  is  to  increase  the  angle  of  incidence  for 
the  central  portion  of  the  beam  to  greater  than  45°.  This  tends  to 
increase  the  amount  reflected  and  give  it  a  more  even  distribution  over 
the  surface  of  the  film. 

A  single-exposure  camera  of  modern  design  is  illustrated  in  Fig.  8-6. 

Beam  splitters  have  been  used  extensively  in  motion-picture  work. 

Red  record 
Blue  record 


A 


Fig.  8-7  Motion-picture  camera  making  use  of  the  bipack-single-film  arrangement. 

A  detailed  classification  and  description  of  such  beam-splitting  systems 
has  been  given  by  Cornwell-Clyne  (1951,  pp.  509-511). 

A  modified  form  of  the  beam  splitters  already  described  is  one  in 
which  only  two  beams  are  obtained  by  means  of  a  camera  such  as  that 
illustrated  in  Fig.  8-7.  Two  of  the  films  are  placed,  emulsion  sides 
together,  in  one  beam,  and  the  third  film  is  placed  in  the  other  beam. 
This  is  commonly  referred  to  as  the  bipack-single-film  arrangement. 


tripack 

Separation  negatives  are  also  obtained  from  multiple  films,  oi  tn- 
pack  ”  The  three  films  are  mounted  on  top  of  each  other  and  exposed 
in  an  ordinary  camera.  By  means  of  filters  and  selected  sensitivities  for 
the  three  emulsions,  spectral  control  of  the  exposures  can  be  obtaine  . 
Usually  the  two  front  films  are  placed  emulsion  to  emulsion  with  the 
emulsion  side  of  the  third  film  in  contact  with  the  back  of  the  first 
pair  Tripack  film  has  been  tried  on  numerous  occasions  but  it  has 
proved  to  be  unsatisfactory.  The  reason  is  that  silver  hal.de  emulsions 
scatter  the  light  which  they  transmit.  The  emulsion  layers  and  base 
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have  finite  thicknesses,  and  it  is  difficult  to  place  the  separate  films  in 
optical  contact  with  each  other.  In  practice  the  two  top  emulsions 
may  be  satisfactory,  but  the  image  of  the  third  one  usually  has  low 
sharpness.  The  situation  would  be  somewhat  better  if  the  bottom 
image  could  be  that  of  the  blue  exposure.  If  silver  bromide  emulsions 
are  used,  however,  all  three  are  blue  sensitive.  I  he  top  one  must, 
therefore,  be  used  for  the  blue  record  and  either  contain  a  yellow¬ 
absorbing  dye  or  be  separated  from  the  other  two  emulsions  by  a  yel¬ 
low  filter.  These  difficulties  can  be  overcome  by  the  use  of  stripping 
film  in  which  the  three  layers  are  quite  thin  and  in  optical  contact, 
without  being  separated  by  an  intervening  film  base. 

SIMULTANEOUS  VIEWING  OR  PROJECTION 

The  simultaneous  projection  method  of  producing  color  photographs 
is  of  considerable  historical  interest,  primarily  because  it  was  the  method 
used  by  Clerk  Maxwell  in  his  famous  demonstration.  Chromoscopes, 
both  for  direct  viewing  and  for  projection,  have  also  been  developed. 

Three  separate  images  are,  of  course,  necessary  for  the  simultaneous- 
viewing  method.  If  they  are  obtained  by  means  of  the  triple-lens  system 
already  described,  the  final  pictures  will  suffer  from  fringe  effects.  If 
they  are  on  separate  pieces  of  film,  which  is  usually  the  case  with  single¬ 
exposure  cameras,  difficulties  in  registration  of  the  final  images  are  en¬ 
countered.  Chromoscopes  and  other  instruments  for  simultaneous 
viewing  have  been  of  considerable  interest  in  the  development  of  prac¬ 
tical  color  processes,  but,  despite  the  fact  that  there  are  some  types  of 
these  systems  of  fairly  recent  origin,  none  have  appeared  which  are 
likely  to  have  commercial  success. 


SUCCESSIVE  PROJECTION 

Successive  viewing  depends  upon  persistence  of  vision  to  fuse  the 
separate  color  images  into  one.  Charles  Cros  (1869)  was  the  first  to 
suggest  this  method.  Since  then  a  number  of  devices  for  its  realization 
lave  been  developed,  most  of  which  are  applicable  only  in  motion  pic¬ 
tures  A  partial  list  of  the  pieces  of  equipment  that  have  been  patented 
for  the  successive  projection  of  two  or  three  images  of  different  colors 
m  motion  pictures  includes  (see  Wall,  1925,  pp.  583-587)*  (1)  Rotarv 
shutter  with  120°  sectors  for  each  of  the  three  filters  in  front  of  ^ 
ens,  (  )  shutters  with  opaque  sectors  between  the  filter  sectors  (3)  ro¬ 
tating  drums  with  mounted  lenses  or  reflectors,  (4)  lenses  with  colored 
diaphragms  mounted  on  sprocket  chains,  (5)  film  in  which  the  succes- 
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sive  positives  are  dyed  or  hand  painted  in  the  different  primary  colors, 
(6)  endless  band  of  celluloid  bearing  the  filters  which  pass  through  the 
projected  light  beam,  (7)  frame  with  reciprocating  motion  for  the  filters, 
and  (8)  filters  arranged  on  a  swinging  arm.  Although  the  variety  of 
possible  ways  of  projecting  the  pictures  successively  is  practically  un¬ 
limited,  no  such  process  has  been  commercialized  successfully  for  any 
long  period  because  of  color-fringing  effects  and  the  complexity  of  the 
equipment. 


SCREEN-PLATE  PROCESSES 


In  any  of  the  screen-plate  processes  the  camera  exposure  is  made 
through  a  screen  consisting  of  large  numbers  of  tiny  red,  green,  and 
blue  filters.  The  screen  is  placed  directly  in  contact  with  the  camera 
film,  which  is  essentially  a  fast  panchromatic  film  of  the  type  used  in 
black-and-white  photography.  After  exposure  the  film  is  developed 
by  reversal  to  give  a  positive  silver  image,  or  a  negative  is  first  made  and, 
from  this,  a  positive.  For  viewing,  light  is  projected  back  through  this 
silver  image  in  combination  with  the  original  screen  plate,  or  one  with 
the  identical  pattern  of  screen  elements.  The  screen  elements  control 
the  spectral  characteristics  of  the  transmitted  light,  and  the  relative  in¬ 
tensities  are  controlled  by  the  densities  of  the  silver  image.  The  ele¬ 
ments  of  the  screen  are  of  such  size  that  the  light  coming  from  them 
visually  fuses  to  give  additive  color  mixtures. 

The  first  screen-plate  type  of  process  was  patented  by  Ducos  du 
Hauron  in  1868,  and  described  by  him  in  1869  (1869 a).  Du  Hauron 
gave  no  details  as  to  how  the  screen  was  to  be  made,  however,  until 
1897,  when  two  general  methods  were  described  (Ducos  du  Hauron, 
1897):  (1)  rule  lines  mechanically,  and  (2)  coat  film  plate  with  colored 
gelatin  and  harden  strips  by  exposing  through  a  line  screen  and,  after 
washing  away  the  unhardened  gelatin,  repeat  with  gelatins  of  each  of 
the  other  two  primary  colors  (Friedman,  1944,  pp.  135-136).  Before 
these  methods  had  been  described,  however,  Joly  (1894)  of  Dublin  and, 
independently,  McDonough  (1892)  had  succeeded  in  making  usable 
screen  plates.  Joly  first  suggested  using  colored  threads  held  by  a  tacky 
surface  to  form  the  line  screen  (Friedman,  1944,  p.  152).  Later  he 
suggested  the  use  of  woven  colored  filters.  McDonough  suggested  a 
dusting-on  method  in  which  powders  made  of  glass,  transparent  pig- 
ments  stained  gelatin,  resins,  or  shellac  of  different  colors  were  allowed 

to  fall  in  random  positions  on  a  tacky  surface  (hnedman,  9  ,  p.  ) 

Screens  manufactured  by  Joly  were  issued  in  1895  and  were  the 
earliest  of  any  to  be  placed  on  the  market.  They  were  produced  by 
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machine  ruling  colored  ink  lines  with  a  pen  on  a  glass  surface  that  had 
ueen  covcrcd  with  a  thin  layer  of  gelatin  (Mces  and  Pledge,  1910,  p. 
198).  Identically  ruled  taking  and  viewing  screens  were  lss”e'1’  ’ 
Of  200  lines  per  inch.  The  process  failed  because  of  the  .^possibility 
of  obtaining  photographic  emulsions  of  uniform  sensitivity  and  be- 
cause  of  the  difficulty  of  maintaining  good  contact  between  the 

faces  of  the  screens  and  the  photographic  plates. 

In  1907,  du  Hauron  and  de  Bercegol  introduced  a  short-lived  screen- 

plate  process  called  Omnicolore  (Wall,  1925,  pp.  492-49  >,  576). 
Despite  these  early  failures,  many  attempts  have  been  made  to  market 

various  types  of  screen-plate  processes. 

A  classification  based  upon  that  given  by  Mees  and  Pledge  (1910,  pp. 
197-205)  and  Mecs  (1928,  pp.  1579-1581)  of  the  methods  for  producing 
screen  plates  is  as  follows: 


1.  Dusting-on  method.  Colored  starch  grains  or  small  dyed  colloidal  particles 
are  dusted  on  to  a  glass  covered  with  a  tacky  varnish.  The  particles  are  then  squashed 
down  to  give  thin  layers  and  make  contact  with  each  other  at  their  edges  (Lumiere 
Autochrome  plates  and  Agfacolor  plates). 

2.  Printing  in  bichromated  colloids.  A  glass  plate  is  coated  with  bichromated 
fish  glue  or  albumin  and  exposed  to  light  through  a  screen  consisting  of  thin  lines 
or  tiny  squares.  The  unexposed  portions  can  be  washed  away,  leaving  the  hardened 
portions  to  be  dyed;  or  the  unexposed  portions  can  be  bleached  and  dyed,  with  the 
hardened  portions  remaining  unchanged.  By  recoating  the  plate  and  repeating 
the  process  the  other  colors  can  be  applied. 

3.  Section-cutting  screens.  Thin  sheets  of  colored  celluloid  are  piled  on  top  of 
each  other  in  successive  layers  of  red,  green,  and  blue.  Sections  cut  through  this 
pile  are  made  up  of  thin  line  strips  of  the  proper  colors.  If  a  pile  of  these  sections 
is  cut  through  at  right  angles  to  the  original  cut,  colored  elements  of  square  cross 
section  may  be  obtained. 

4.  Mechanical  printing. 

a.  Colored  inks  are  ruled  directly  on  the  screen  by  small  ruling  wheels. 

b.  Greasy  ink-resisting  lines  are  ruled  on  a  dye-bichromated  colloid  coated  on 
a  standard  film  base.  The  unprotected  portions  of  the  coating  are  then  bleached 
and  dyed  a  second  color.  By  removing  the  greasy  ink  and  reapplying  it  in  lines  at 
right  angles  to  the  original  lines,  the  process  may  be  repeated  to  give  a  third  color. 


Screen  plates  are  sometimes  designed  to  remain  fixed  in  position  with 
respect  to  the  photographic  plate  through  the  series  of  processes  of  ex¬ 
posure,  development,  and  viewing.  In  other  processes  the  screen  used 
for  exposure  is  separated  from  the  plate  during  development,  usually 
to  be  replaced  by  a  second  screen  for  viewing.  The  first  of  these  is  re¬ 
ferred  to  as  combined,  and  the  second  as  separate.  Screen  elements  also 
differ  according  to  whether  or  not  they  are  laid  down  in  some  definite 
geometrical  pattern.  On  this  basis,  screen  plates  are  either  “regular” 
or  “irregular.” 
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1  he  earliest  screen-plate  process  which  was  commercially  successful 
was  produced  by  the  Lumicre  Co.  of  France.  It  was  called  the  Lumiere 
Autochrome  Plate  and  was  of  the  combined  and  irregular  type.  The 
process  was  first  made  available  in  1907  and  remained  on  the  market 
until  the  early  nineteen  thirties.  The  screen  elements  consisted  of 
dyed  starch  grains  which  were  allowed  to  settle  on  a  tacky  surface  and 
flattened  into  tiny  elements  in  contact  with  each  other.  Interstices 
between  the  grains  were  filled  with  charcoal.  The  grains  were  about 
0.01 5-mm  diameter  and  colored  blue-violet,  green,  and  orange-red. 
They  were  mixed  in  proportions  to  form  a  uniformly  gray  powder  prior 
to  their  application  to  the  screen  plate.  This  was  the  first  coatcd-screen 
plate  to  be  put  on  the  market. 

The  Agfacolor  plate,  which  was  also  of  the  combined  and  irregular 
type,  appeared  a  few  years  later.  It  differed  from  the  Autochrome  plate 
chiefly  in  that  gum  arabic  or  some  other  colloidal  material  was  used  in 
place  of  the  starch  grains. 

The  Warner-Powrie  process  patented  in  1905  was  the  earliest  com¬ 
mercial  process  using  a  screen  made  with  bichromated  colloid.  A  glass 
plate  was  thinly  coated  with  bichromated  gelatin  or  fish  glue  and  ex¬ 
posed  to  light  through  a  screen  having  opaque  lines  twice  the  width 
of  the  spaces  between.  The  nonexposed  portions  of  the  colloid  were 
then  washed  away,  leaving  the  hardened  lines  which  were  dyed,  say 
green,  and  then  mordanted.  The  plate  was  again  coated  and  exposed 
a  second  time  with  a  screen  moved  to  cover  up  the  lines  formed  during 


the  first  exposure.  Following  a  second  washing  the  new  lines  were  dyed 
red  and  mordanted.  The  same  procedure  was  repeated  a  third  time 
except  that  the  exposures  were  made  through  the  back  of  the  plate 
with  a  blue  filter,  and  without  the  use  of  the  screen  (Mees  and  Pledge, 

1910,  pp.  200-201;  Bull,  1935 a,  p.  68). 

The  Thames  plate,  patented  in  1906,  was  the  first  commercial  process 
of  the  separate  and  regular  type,  although  for  a  time  it  was  sold  with  a 
coated  emulsion  which  could  be  developed  by  reversal.  The  screen 
elements  consisted  of  red  and  green  dots  about  0.11  mm  m  diameter 
with  blue  interstices.  In  1910  the  Paget  process  took  the  place  of  the 
Thames  plate,  and  later  became  the  Duplex  process  (Mees  and  Pledge, 

1910  pp.  201-202;  Fanstone,  1935,  p.  12). 

The  longest-surviving  separate  and  regular  screen  plate  process  has 
been  the  Finlay  process  (Spencer,  1948,  pp.  228-230).  The  camera 
exposure  is  made  through  a  mosaic  screen  which  is  separated  from  the 
negative  before  the  negative  is  developed.  One  or  more  positive  trans¬ 
parencies  can  then  be  made  as  for  normal  black-and-white  photographs, 
and  the  positive  is  registered  with  a  mosaic  screen  of  the  identical  pa 
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tern  used  for  the  exposures.  One  of  the  ehief  advantages  of  thus  system 
is  that  the  number  of  duplicates  is  not  limited  as  is  the  ease  tor  the 
combined  types.  Another  is  that  negative-positive  rather  than  revers 
orocessing  is  used.  Registration  of  the  mosaic  screen  with  the  final 
positive  is,  of  course,  difficult  and  probably  the  chief  disadvantage  of 


the  system.  ~  , 

The  most  successful  of  all  the  screen-plate  processes  has  been  Uutay- 

color.  It  is  of  the  regular  and  combined  type.  The  screen  plates  were 
developed  in  1908.  A  more  complete  description  of  the  process  will 
be  given  later  in  the  chapter. 

Glass  plates  were  used  exclusively  with  screen-plate  processes  until 
1927  when  a  film  was  introduced  as  the  Lignose  process.  Lignose  was 
sold  for  only  a  short  time,  but  in  1932  the  Autochrome  process  in  the 
form  of  stiff  cut  film  was  sold  as  Filmcolors,  and  in  1934  Agfacolor  roll 
films  and  film  packs  were  marketed  (Fanstone,  1935,  p.  13). 

As  a  result  of  their  study  of  screen-plate  processes,  Mees  and  Pledge 
(1910,  p.  219)  stated  that  for  regular  screens  the  element  widths  should 
be  between  about  J/300  and  %<,<,  of  an  inch.  For  irregular  grain 
screens,  the  grains  should  be  somewhat  smaller,  between  %00  and 
y2  000  of  an  inch.  The  grain  size  cannot  be  smaller  than  can  be  re¬ 
solved  by  the  emulsion.  The  interstices  between  the  screen  elements, 
if  they  exist,  must  be  filled  in  with  some  strongly  absorbing  material. 
The  relative  areas  of  the  three  primary  colors  must  be  so  adjusted  that 
under  the  viewing  light  with  which  they  are  to  be  used  the  combination 
appears  neutral. 


» 


LENTICULAR  PROCESS 

In  1896  R.  E.  Liesegang  (Ahriman,  1896)  suggested  a  photographic 
color  process  based  upon  the  use  of  banded  filters  in  the  camera  aper¬ 
ture.  According  to  his  scheme,  the  image  would  be  focused  onto  a 
screen  filled  with  tiny  openings,  behind  which  was  placed  the  photo¬ 
graphic  plate.  Each  opening  in  the  screen  would  serve  as  a  minute 
pinhole  camera,  giving  an  image  of  the  camera  aperture  with  its  filters 
on  the  photographic  emulsion.  After  exposure  and  development  to 
obtain  a  positive  image,  the  positive  would  be  placed  in  an  optical  sys¬ 
tem  similar  to  that  of  the  camera,  except  with  the  optical  path  re¬ 
versed.  By  projection  a  photograph  in  color  could  thus  be  obtained. 

In  1909  R.  Berthon  (British  Patent  10,611;  see  also  Berthon,  191C )a,  b 
patented  a  process  similar  to  that  suggested  by  Liesegang,  except  that 
minute  images  of  the  camera  aperture  were  formed  by  tiny  “lenses”  on 
the  film  rather  than  by  openings  in  a  screen  attached  to  the  film.  The 
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lenses  can  be  spherical  or  cylindrical  If  the  lenses  are  cylindrical,  the 
filters  over  the  camera  lens  can  be  strips  parallel  to  the  embossing  on 
the  film.  A  cross-sectional  view  of  a  film  embossed  in  a  cylindrical  pat¬ 
tern  is  given  in  Fig.  8-8.  The  effect  produced  by  such  a  system  is  similar 
to  that  obtained  with  a  screen  plate  process  in  which  the  filter  elements 


are  in  contact  with  the  emulsion.  Thus  the  embossed  film  process  may 
be  considered  an  '  optical  screen  plate  process. 

The  separation  of  the  lens  image  into  the  red,  green,  and  blue  com¬ 
ponents  by  the  embossings  on  the  film  base  is  illustrated  in  Fig. 
Light  originating  at  a  small  area  of  the  object  reaches  the  lens  and  is 
focused  on  a  snrall  area  on  the  film.  As  shown  in  the  diagram,  of  the 
light  striking  the  top  one-third  of  the  lens,  only  the  red  components 
are  allowed  to  pass;  from  the  center  third,  only  the  green  components; 
and  for  the  low  third,  only  the  blue  components.  The  embossings  on 
the  film  serve  as  tiny  lenses  and  have  curvatures  such  that  light  from 
any  small  area  in  the  filter  will  be  focused  on  a  corresponding  area  in 
the  emulsion.  This  gives  tiny  images  of  the  three  filters  under 
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section  of  each  of  the  embossings.  As  the  light  reaching  each  such 
section  comes  from  a  single  area  in  the  subject  photographed,  separate 
records  of  the  red,  green,  and  blue  exposures  are  obtained. 

The  film  is  developed  by  reversal,  and  light  is  projected  through  it 
and  through  filters  similar  to  those  used  in  the  taking  process.  The  op¬ 
tical  path  of  the  light  through  the  system  is  now  reversed.  The  emboss¬ 
ings  serve  as  lenses  for  focusing  the  light  from  the  portions  of  the  film 
which  have  densities  corresponding  to  the  red,  green,  and  blue  exposures 
onto  the  red,  green,  and  blue  sections  of  the  filter.  The  projection  lens 
focuses  the  film  image  onto  a  screen,  and  a  picture  in  color  is  obtained. 


Fic.  8-9  Diagrammatic  sketch  tracing  light  beam  paths  in  lenticular  processes. 

The  first  commercial  lenticular  film  was  marketed  by  the  Eastman 
Kodak  Company  in  1928  (Mees,  1929*3,  pp.  10-17;  1929c).  It  was  called 
Kodacolor  and  sold  as  16-mm  motion-picture  film.  A  short  time  later 
the  I.  G.  Farbenindustrie  marketed  a  similar  product.  Both  these 
products  were  later  discontinued. 


SUPERPOSED  GELATIN  TISSUES 

1  he  earliest  subtractive  color  processes  which  were  described  by 
Ducos  du  Ilauron  (1869*3,  b)  and  Charles  Cros  (1869)  involved  the 
superposition  of  relief  images  of  gelatin  tissues.  These  tissues  were 
obtained  by  a  method  which  had  been  used  for  some  time  in  black- 
and-white  photography  in  what  was  called  the  Carbon  process  (see 
Friedman,  1944,  pp.  430-433).  The  chemical  nature  of  the  reactions 
for  the  individual  images  has  been  described  in  Chapter  VII.  To  ob¬ 
tain  a  color  photograph,  separation  negatives  were  first  made.  The 
green  exposure  negative  was  used  to  expose  a  film  of  gelatin  coated  with 
red  coloring  matter  to  form  a  positive,  the  violet  negative  was  used  to 
seenre  a  yellow  positive,  and  a  red  negative  to  secure  a  '‘blue”  positive. 
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The  three  positives  were  then  superimposed  in  register.  In  1872, 
L.  Vidal  (1902)  patented  a  similar  technique. 

A.  Marion  (18/8)  found  that  a  sensitized  tissue  exposed  under  a 
negative  could  be  used  to  harden  a  second  tissue,  which  was  not  ex¬ 
posed,  by  placing  the  two  in  contact.  The  reactions  started  by  expo¬ 
sure  of  bichromated  gelatin  to  light  continue  even  after  the  exposure 
is  stopped.  If  the  exposed  sheet  is  placed  in  contact  with  a  second  bi¬ 
chromated  sheet,  the  action  continues  in  the  second  one.  In  Marion’s 
early  process  8  to  10  hr  of  contact  were  required.  Foxlee  (1900)  found 
that  a  more  concentrated  bichromate  solution  which  was  neutral  or 
alkaline  would  reduce  this  time  to  from  iy2  to  3  hr. 

E.  Howard  Farmer  (1893,  1894)  found  that,  when  finely  divided  sil¬ 
ver,  gelatin,  and  a  soluble  bichromate  were  brought  in  contact  with  one 
another,  the  bichromate  is  reduced  and  the  gelatin-bichromate  combi¬ 
nation  becomes  insoluble.  The  reaction  was  observed  by  placing  the 
gelatin  containing  the  silver  in  a  bichromate  solution.  The  silver  could 
consist  of  a  suspension  of  fine  parficles  or  a  developed  photographic 
image. 

A  few  years  later  Manly  (1899d,  1899b,  1903)  combined  these  ideas 
to  develop  a  process,  which  in  slightly  modified  form  later  became 
known  as  Trichrome  Carbro.  From  separation  negatives  he  made  pho¬ 
tographic  prints  on  ordinary  bromide  enlarging  paper  and  placed  them 
in  contact  with  gelatin  tissues  saturated  with  bichromate  solution  which 
would  react  with  the  silver.  After  the  hardening  reaction,  the  unhard¬ 
ened  gelatin  which  was  not  in  contact  with  the  silver  was  washed  away. 
The  three  resulting  gelatin  tissues  were  then  superimposed  in  register 
to  give  the  final  photograph.  Manly  introduced  essentially  the  same 
process  under  the  name  of  Ozobrome.  This  process  survived  only  a 
short  time  but  was  later  reintroduced  under  the  name  Raydex  (Wall, 
1925,  pp.  338-339).  Still  later  it  reappeared  as  a  product  of  Lumiere 
Autochrome  under  the  name  Trichrome  Carbro.  For  many  years 
Carbro  has  been  considered  by  many  as  the  best  process  available  tor 


obtaining  high  grade  color  prints. 

Dyed  gelatin  layers  on  both  sides  of  a  film  support  were  used  in  the 
first  Kodaclirome  process,  introduced  by  Eastman  Kodak  Company  m 
1916  and  discontinued  some  years  later.  Tins  was  a  two-color  process, 
introduced  first  as  a  portrait  process  and  later  as  a  motion-picture  m 
For  the  final  print,  exposures  were  made  on  the  oppos.te  sides  of  e 
film  and  developed  to  yield  silver  images  in  register.  After  Mo, 
the  film  passed  through  a  bichromate  bleach  bath  which  bleached^ 
silver  and  hardened  the  gelatin  locally  where  silver  was  prese 
silver  halide  was  then  fixed  out,  and,  by  flotation,  one  sic 
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(red  separation)  was  dyed  blue-green,  and  the  opposite  side  (blue-green 
separation)  was  dyed  red  (see  Mees,  1929b,  p.  48). 


DYE  transfer 

The  hardened-gelatin  technique  of  producing  relief  matrices  for 
transfer  was  suggested  by  E.  Sanger-Shepherd  and  O.  M.  Bartlett  in 
1902  (Friedman,  1944,  p.  470).  The  first  disclosure  on  record  that  dyes 
will  transfer  was  given  by  E.  Edwards  (1876;  see  also  Friedman,  1944, 
p  462)  Charles  Cros  independently  developed  a  similar  process,  call¬ 
ing  it  “hydrotypie”  (Wall,  1925,  p.  390;  Vidal,  1881d).  A  process  in 
which  planographic  gelatin  was  obtained  which  would  absorb  dyes  ^dif¬ 
ferentially  as  a  function  of  light  exposure  (Wall,  1925,  pp.  391-396) 
was  developed  by  L.  Didier  and  commercialized  by  a  German  dye  firm 
under  the  name  Pinatype.  F.  E.  Ives  (1919)  did  considerable  work 
with  relief-image  formation  and  was  the  first  person  to  treat  gelatin 
with  an  acceptor  which  would  mordant  dyes.  Warnerke  (1881u,  b,  c, 
d,  e,  f;  Vidal,  1881b)  was  the  first  person  to  make  relief  matrices  by 
development. 

To  obtain  the  dye-transfer  type  of  photographic  print,  three  gelatin- 
relief  matrices  are  made  by  any  of  a  number  of  different  methods  (see 
Chapter  VII).  These  matrices  are  soaked  in  three  dyes  which  are 
roughly  complementary  to  the  colors  used  in  the  original  camera  ex¬ 
posures.  One  of  the  matrices  is  then  brought  in  contact  with  a  mor¬ 
danted  paper,  and,  because  of  a  concentration  gradient,  the  dye  will 
transfer  from  the  matrix  to  the  paper.  The  dyes  from  the  other  two 
matrices  are,  in  turn,  transferred  to  the  mordanted  paper,  giving  the 
complete  photograph. 

DYE  TONING  AND  MORDANTING 

C.  R.  Woods  (1881;  1882)  described  a  number  of  toning  processes 
for  obtaining  monochrome  photographs.  These  included,  among 
others,  the  use  of  ferrocyanides  of  iron,  uranium,  lead,  aluminum,  anti¬ 
mony,  mercury,  tin,  and  zinc.  He  found  that  those  metals  whose  fer¬ 
rocyanides  were  insoluble  and  whose  ferricyanides  were  soluble  were 
easiest  to  handle. 

The  earliest  of  a  large  number  of  attempts  to  apply  toning  to  three- 
color  photography  was  made  by  R.  Namias  (1894).  One  of  his  pro¬ 
posals  depended  upon  the  light-sensitive  properties  of  toning  solutions, 
the  exposures  being  made  through  separation  negatives.  The  yellow 
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image  was  formed  by  means  of  a  saturated  solution  of  lead  lactate  to 
which  had  been  added  potassium  fcrricyanidc.  During  exposure  the 
ferricyanide  was  reduced  to  ferrocyanide.  After  washing  the  image  was 
treated  with  sodium  or  potassium  bichromate  to  form  yellow  lead  chro¬ 
mate.  The  photographic  paper  was  then  treated  with  a  solution  con¬ 
taining  ferric  ammonium  citrate  and  potassium  ferricyanide,  the  stand¬ 
ard  blue-printing  solution.  Exposure  to  light  through  the  red  separa¬ 
tion  negative  yielded  the  cyan  image.  A  similar  procedure  was  fol¬ 
lowed  for  the  red  or  magenta  image,  a  solution  of  copper  lactate  and 
ferricyanide  being  used.  As  difficulty  was  encountered  in  fixing  this 
image,  an  alternative  was  to  use  a  solution  of  lead  lactate  and  potas¬ 
sium  ferricyanide  which,  upon  exposure,  gave  lead  ferrocyanide.  Treat¬ 
ment  with  cupric  acetate  or  sulfate  gave  copper  ferrocyanide. 

Namias  also  suggested  the  toning  of  silver  images.  The  solution  sug¬ 
gested  for  the  yellow  was  lead  lactate  and  potassium  ferricyanide;  for 
the  cyan  it  was  ferric  ammonium  citrate  and  potassium  ferricyanide. 
I'he  magenta  was  obtained  by  converting  the  silver  to  silver  ferrocyanide 
and  this  to  copper  ferrocyanide. 

Only  a  few  three-color  toning  processes  have  been  released  commer¬ 
cially.  These  include  Polychromide  by  Hamburger  in  about  1923 
(Wall,  1925,  pp.  401-402;  Friedman,  1944,  p.  307),  Triadochrome  by 
Shepherd  (Wall,  1925,  p.  402),  and  Chromatone  by  Defender  Photo 
Supply,  Inc.,  about  1936  (Friedman,  1944,  pp.  319-322).  Several  two- 
color  toning  processes  have  been  used  in  motion  pictures,  among  the 
best  known  being  Multicolor  and  its  successor  Cinecolor. 

A  chromium  compound  was  used  as  a  dye  mordant  by  1  estud  dc 
Beauregard  (1855).  Hunt,  Perry,  and  Sella  also  investigated  mordants 
as  early  as  1857.  The  first  application  to  color  photography  was  made 
by  G.  Sella  about  1899  (Friedman,  1944,  p.  330).  One  of  the  early  suc¬ 
cessful  imagewise  mordants  was  silver  iodide,  the  usefulness  of  which 
was  discovered  by  A.  Traube  about  1905  (Traube,  1906d,  b ;  1907rf,  b). 

Commercial  processes  making  use  of  mordants  have  included  Dcxtra- 
color,  Curtis  Neotone  process,  Traube  Uvachrome,  in  which  copper 
ferrocyanide  is  used  as  a  mordant,  and  Brewster  color  film. 


SILVER-DYE-BLEACH  PROCESSES 

The  beginnings  of  the  dye-bleach  processes  can  be  traced  back  to 
E.  Howard  Farmer,  who  in  1889  demonstrated  the  catalytic  action  of 
silver  on  strong  bichromate  solutions  (Friedman  1944  p.  405). 
Scl.inzel  (1905)  suggested  a  dye-bleach  method  of  making  color  photo¬ 
graphs  as  follows:  A  plate  or  film  was  coated  with  three  silver  bromide 


emulsions,  colored  complementary  to  their  spectral  sensitivities.  T  i 
top  layer  was  colored  yellow  and  made  sensitive  to  blue,  the  second  layer 
was  colored  blue-green  and  made  sensitive  to  red,  the  bottom  layer  was 
colored  “red”  and  made  sensitive  to  green.  After  the  film  was  exposed 
developed,  and  fixed  in  the  ordinary  manner,  it  was  treated  with  a  L 
percent  solution  of  hydrogen  peroxide  which  bleached  the  dyes  in  the 
vicinity  of  the  silver  image.  Although  the  technologies  involved  in 
color  sensitizing  emulsions,  coating  emulsions,  and  dyes  were  not  at  a 
stage  where  his  suggestions  could  be  made  practicable,  they  did  arouse 
a  great  deal  of  interest  (Friedman,  1944,  pp.  406-407).  ^  As  will  be  dis¬ 
cussed  in  a  later  section,  the  use  of  a  “multilayer  film,  that  is,  a  film 
with  the  three  differently  sensitized  emulsions,  coated  over  each  other, 
has  become  one  of  the  important  means  of  making  color  films. 

In  1918,  Christensen  suggested  dye  destruction  by  reduction.  He 
found  that  certain  dyes  were  catalytically  reduced  by  hvdrosulfite  in  the 
presence  of  finely  divided  silver.  Later,  Bela  Gaspar  discovered  a 
method  by  which  dyes  could  be  chemically  reduced  in  the  presence  of 
a  silver  image.  Many  patents  have  been  granted  to  Christensen  and 
Gaspar  (Friedman,  1944,  pp.  407,  409-426)  which  describe  the  applica¬ 
tions  of  bleaching  processes  to  films  for  the  formation  of  color  pho¬ 
tographs. 


DYE-COUPLING  PROCESSES 

The  formation  of  color  images  during  the  process  of  development 
was  first  studied  by  R.  E.  Liesegang  (1895;  also  see  Chapter  VII,  p.  257). 
B.  von  Homolka  (1907c,  d)  later  pointed  out  that  the  leuco  derivatives 
of  many  dyes  should  be  developers.  He  dealt  chiefly  with  indoxyl  and 
thioindoxyl  developers  and  dye  formers. 

In  1912,  Fischer  (British  Patent  1  5,055;  also  Fischer,  1913d,  b) 
found  that  certain  agents  when  added  to  p-phenylenediamine  or  p- ami- 
nophenol  developer  solutions  would  cause  the  formation  of  a  dye 
image  accompanying  the  silver  image.  This  was  found  to  result  from 
the  coupling  of  this  added  material  with  the  oxidized  developer,  and 
the  material  was  called  a  coupler.  Fischer  realized  that  this  principle 
had  many  practical  applications  and  he  patented  the  use  of  such  proc¬ 
esses  for  the  production  of  prints  in  color  and  for  color  photography. 
He  suggested  the  use  of  couplers  in  a  multilayer-type  process. 

Fischer  and  Siegrist  (1914)  marketed  a  photographic  paper  in  which 
the  coupling  agents  were  an  integral  part  of  the  emulsion.  Develop¬ 
ment  was  done  by  means  of  p-phenylencdiamine,  giving  directly  the 
color  image.  The  process  failed,  however,  because  the  coupling  agents 
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tended  to  diffuse  out  of  the  emulsion,  thus  affecting  the  developer 
characteristics.  It  was  many  years  before  the  technology  of  the  couplers 
and  photographic  materials  was  advanced  to  such  a  state  that  such  a 
process  was  possible. 


Theoretical  Developments  Pertaining  to  Three-Color  Reproduction 

Although  Clerk  Maxwell  was  the  first  to  demonstrate  an  actual  color 
photograph,  he  did  not  describe  any  of  the  quantitative  requirements 
for  exact  color  reproduction,  despite  the  fact  that  he  had  collected  a 
considerable  amount  of  data  on  color  matching  and  had  done  much  to 
establish  the  trichromatic  theory  of  vision. 


TAKING  AND  VIEWING  FILTERS 


Ducos  du  Hauron  and  Charles  Cros  recognized  that  in  additive-tvpe 
processes  the  taking  and  viewing  filters  should  have  about  the  same 
color  and  that  for  subtractive-type  processes  the  dyes  should  be  roughly 
complementary  to  the  colors  of  the  taking  filters.  They  were  no  more 
definite  than  Maxwell,  however,  in  describing  the  exact  colors,  and 
neither  attempted  to  discuss  the  processes  in  terms  of  their  spectral 
characteristics. 

In  his  first  basic  articles  on  color  photography,  Ives  (1888;  1889d,  b) 
stated  that  he  sought  effective  emulsion  sensitivities  which  corresponded 
approximately  to  the  Maxwell  color-mixture  curves.  As  shown  in  Fig. 
8-10  these  curves  overlap  considerably.  Ives  realized  that  this  would 


Fig.  8-10  Maxwell  color-mixture  curves  according  to  Ives  data  (Ives,  1900,  p.  743) 


give  marked  degradation  of  color  unless  the  white  ■Humming  hght 
consisted  of  narrow  spectral-wavelength  regions  o  red,  green,  b  ■ 
He  argued,  however,  that  even  under  ordmary  dtam.nat.on  *e  Max 
well  distributions  give  less  serious  errors  in  color  reproduct, 
other  sensitivity  distributions. 
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The  conditions  prescribed  by  Ives  were  not  in  accord  with  the  cur 
rent  concepts  of  that  time,  and  for  many  years  they  were  assailed,  son 
times  with  vehemence  and  bitterness.  Some  investigators  such  as  Von 
Iliibl  (1904,  p.  35),  believed  that  the  Young-Helmholtz  theory  did  not 
provide  a  suitable  basis  for  color  reproduction  and  suggested  other  sys¬ 
tems.  Sensitivity  distributions  recommended  by  Von  Hubl  are  given 

Ives  (1900)  strongly  defended  his  position  in  the  third  Traill  I  aylor 
Memorial  Lecture  in  London.  This  resulted  in  a  series  of  heated  ex¬ 
changes  in  the  British  Journal  of  Photography  between  Ives  (1901)  an 
E.  Howard  Farmer  (1900-1901).  Farmer  assailed  the  ideas  of  Ives  on 


Fig.  8T1  Sensitivity  distributions  as  recommended  by  Von  Iliibl  (1904,  p.  77). 

the  basis  that  they  were  contrary  to  the  writings  and  work  of  Maxwell, 
du  Hauron,  Cros,  Vogel,  Von  Htibl,  and  others.  He  stated  that,  al¬ 
though  Maxwell’s  curves  might  be  satisfactory  for  reproducing  the 
spectrum  when  viewed  with  the  chromoscope,  the  same  curves  with 
either  object  colors  or  trichromatic  printing  led  to  degradation  of  the 
colors  with  black.  In  illustrations  which  are  reproduced  in  Fig.  8*12, 
lie  gave  his  own  version  of  the  correct  spectral  distributions  which 
should  be  used  for  reproducing  the  spectrum  and  natural  objects  by 
trichromatic  printing.  The  latter  distributions  were  claimed  to  have 
been  confirmed  by  two  years  of  continual  practice. 

In  reply,  Ives  (1901)  maintained  and  elaborated  upon  his  own  point 
of  view.  He  held  that  the  trichromatic  process  of  color  photography 
consisted  essentially  in  (1)  the  production  of  three  photographic  images 
which  represent  the  physiological  analysis  of  all  colors  into  three  simple 
spectrum  colors  constituting  a  color  record  and  (2)  a  synthesis  by  optical 
superposition  of  the  three  elements  of  the  color  record  in  the  three 
simple  colors  whereby  the  sensations  of  all  the  original  colors  are  repro¬ 
duced  to  the  eye.  Ives  went  on  to  say  that,  when  color  prints  are  viewed 
by  ordinary  white  light,  it  is  necessary  to  do  one  of  two  things,  to  either 
suffer  from  some  degradation  of  color  or  sacrifice  something  of  the 
capacity  of  differentiating  hue.  This  degradation,  he  claimed,  was  in¬ 
herent  in  the  printing  colors  themselves.  Even  greater  defects  would 
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arise  if  the  exposures  were  made  through  filters  which  transmit  only 
narrow  spectral  bands  of  red,  green,  and  blue.  Ives’  examples  were 
drawn  almost  exclusively  from  systems  of  additive  color  photography, 
but  he  stated  that  the  same  principles  applied  to  subtractive  color 
photography. 

Alexander  A.  K.  Tallent  (1901)  entered  the  controversy  in  opposition 
to  Ives,  maintaining  that  the  colors  resulting  from  pigmentary  mixtures 
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Fig  8-12  Taking  filter  transmittances  as  suggested  by  E.  Howard  Farmer  for  photo 
graphing  (a)  the  spectrum  and  (b)  natural  objects  (Farmer,  1901,  p.  69). 


are  not  necessarily  those  which  would  be  deduced  from  Maxwell  curves. 
According  to  his  ideas,  the  colors  which  do  result  could  only  be  deter¬ 
mined  by  trial  under  actual  working  conditions. 

Additional  information  on  taking  and  viewing  filters  which  was  based 
upon  more  adequate  experimental  evidence  was  supplied  by  Mees :  and 
Pledge  (1910)  in  their  report  on  screen-plate  processes.  They  stated 
that  the  taking  filters  should  be  without  spectral  gaps  and  should  over¬ 
lap  each  other  to  a  slight  extent.  The  viewing  filters  should  he  as  pur 

as  nossible,  without  overlap.  . 

Tices  and  Pledge  (1910.  pp.  205  and  218)  went  on  to  givejw 

visual  conditions  which  must  apply  to  all  screens.  One  of  these,  called 
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the  first  black  condition,  which  had  been  recognized  by  McDonough 
M89?)  was  that  the  three  colors  on  the  screen  should  be  adjusted  so 
that,  if  they  were  viewed  in  the  light  for  which  the  process  was  designed 
the  combined  appearance  should  be  that  of  a  neutral  gray.  ees  an 
Pledge  found  that,  in  general,  the  green  filter  limited  the  maximum 
possible  transparency.  The  green  filters  then  available  had  low  trans¬ 
mittances.  In  order  to  fulfill  the  first  black  condition  it  was  necessary 
for  the  green  filter  to  occupy  about  one-half  of  the  total  area  of  the 

screen  plate. 

The  second  black  condition  was  that  grays,  when  photographed, 
should  produce  equal  densities  of  silver  under  each  of  the  filter  units. 
Emulsion  sensitivities  provided  the  primary  basis  for  the  balance  neces¬ 
sary  to  meet  this  condition.  Final  adjustments  for  minor  variations  in 
sensitivity  could  be  accomplished  by  compensating  filters  placed  over 
the  camera  lens. 


SPECTRAL  RECORDS  FOR  SUBTRACTIVE  PROCESSES 

Although  Ives,  Farmer,  and  the  others  entering  into  the  early  discus¬ 
sions  on  filters  had  subtractive  as  well  as  additive  processes  in  mind, 
their  remarks  had  more  direct  bearing  on  the  additive  types.  The  earli¬ 
est  comprehensive  series  of  experiments  pertaining  to  subtractive  color 
photography  was  reported  by  A.  }.  Newton  and  A.  }.  Bull  (1904).  The 
influence  of  this  report,  and  of  the  reiterations  of  its  basic  points  by  Bull 
on  many  subsequent  occasions,  has  profoundly  influenced  color  work 
in  both  photomechanical  printing  and  photography. 

The  object  of  the  Newton  and  Bull  experiments  was  to  determine 
the  best  form  of  filters  for  tricolor  reproduction  by  the  halftone  process. 
They  found  that  it  was  neither  possible  nor  desirable  to  follow  the 
color-mixture,  color-sensation,  or  other  similar  calculated  curves.  The 
effect  of  using  sensitivity  distributions  with  sharp  maxima,  gradually 
shading  into  other  spectral  regions,  was  to  cause  degradation  of  any 
pure  color  in  the  spectral  regions  of  the  maxima.  They  recommended 
particularly  that  there  be  no  unrecorded  gaps  in  spectral  sensitivities 
because  these  would  be  fatal  to  the  correct  rendering  of  colors  whose 
spectra  did  not  extend  beyond  these  gaps.  Their  recommendations  for 
ideal  filters  were  those  which  had  uniform  transmittances  through  par¬ 
ticular  regions  of  the  spectrum,  ended  abruptly,  and  overlapped.  The 
spectral  transmittances  of  such  filters  are  illustrated  in  Fig.  8-13  The 
overlap  for  the  green  and  blue  filters  was  to  be  between  460  m^  and 
>00  m/i,  and  for  the  green  and  red  between  580  m^  and  600  nV  The 
same  general  principles  were  reiterated  by  Bull,  Oliver,  and  Spencer 
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(1933)  some  thirty  years  later,  with  slight  changes  in  the  recommenda¬ 
tions  for  filter  overlap. 

A  later  and  more  comprehensive  investigation  was  reported  by  D.  A. 
Spencer  (1933b).  In  his  experimental  set-up  Spencer  first  obtained  a 
prism  spectrum  of  his  exposure  illumination.  By  cutting  openings  in 
cardboard  screens  he  could  pass  light  from  this  spectrum  according  to 
any  desired  predetermined  distributions.  A  second  prism  recombined 
the  light,  which  was  then  allowed  to  fall  on  the  objects  to  be  photo¬ 
graphed.  These  objects  consisted  of  27  colors  of  varying  hue,  but  high 
saturation,  and  a  series  of  bromide  step  wedges,  stained  in  colors  whose 
reproductions  would  be  expected  to  be  anomalous. 


A 

400  500  600  700 

Wavelength  (myu) 


Fig.  8-13  Spectral  transmittances  of  ideal  filters  for  subtractive  processes,  as  given 
by  Newton  and  Bull  (1904). 


Spencer  found  that,  so  far  as  subtractive  work  with  available  proc¬ 
esses  was  concerned,  there  was  considerably  more  latitude  in  the  choice 
of  taking  filters  than  was  normally  supposed  to  be  the  case.  1  he  use  of 
monochromatic  lines  as  exposures  gave  prints  which  could  hardly  be 
distinguished  from  those  with  wide  and  overlapping  filters.  Such  a  con¬ 
clusion  can  apply,  of  course,  only  if  the  colors  being  photographed  have 
relatively  wide,  and  gradually  changing,  spectral  distributions.  1  his  is 


the  case  with  most  objects.  .  , 

Color-mixture  or  color-sensation  curves  were  found  to  give  good  re¬ 
productions  of  the  spectrum,  but  only  at  one  exposure  level  For  a  I 
other  colors,  there  was  found  to  be  a  degradation  with  black  for  sub¬ 
tractive  processes,  and  with  white  (or  desaturation)  for  additive  proc¬ 
ess  The  regulated  overlap  demanded  by  Bull  and  his  co-workers  was 
not  of  fundamental  importance;  gaps  in  the  filter  transmittances  wer 
not  of  much  practical  importance  one  way  or  the  other,  hxceptio 
Tere  noted  for  real  objects  only  in  the  case  of  certain  ewers  with 
sharply  defined  spectral  absorptions.  The  general  effect  of 
mittance  filters  was  to  give  higher  saturation,  in  on  5 
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the  reproduction  more  untruthful  than  with  more  idealized  types  of 
filterf  The  idea  that  the  taking  filters  should  be  exactly  complemen¬ 
tary  to  the  printing  colors  was  found  to  be  equally  fallacious. 

With  the  materials  available,  Spencer  concluded,  three-color  photog¬ 
raphy  must  be  a  compromise.  The  ideal  practical  process  is  one  in 
which  hue  rendering,  saturation,  and  luminosity  of  the  result  are  all 
at  the  optimum  value  attainable.  A  gain  in  the  number  of  possible 
hues  can  be  obtained,  however,  only  at  the  expense  of  luminosity.  1  his 
difficulty  is  characteristic  of  both  additive  and  subtractive  processes. 

The  more  recent  work  in  this  field  that  will  be  discussed  in  later 
chapters  does  not  entirely  resolve  the  differences  in  opinion  which 
existed  between  the  theoretical  and  practical  workers,  showing,  in  fact, 
that  both  groups  were  in  a  sense  correct. 


Modern  Color  Processes 

The  most  widely  used  modern  color  processes  are  of  the  subtractive, 
multilayer,  dye-coupling  type.  In  amateur  photography  reversal  films 
are  used  extensively  in  8-mm  and  16-mm  motion  pictures  and  for  slide 
projections.  Negative-positive  systems  and,  to  a  lesser  degree,  reversal 
systems  are  used  in  print  processes  and  in  professional  motion-picture 
work.  Separation-negative  types  of  processes  have  been  used  for  some 
time  in  commercial  and  professional  work,  including  motion  pictures. 
These  are  still  used  to  a  considerable  extent,  although  they  have  been 
partially  supplanted  by  multilayer  systems.  In  some  processes  involv¬ 
ing  separation  negatives  the  initial  camera  exposures  are  made  on  a 
multilayer  film  and  from  this  film  the  separation  negatives  are  obtained. 
A  few  of  the  widely  known  processes  are  described  in  the  succeeding 
paragraphs. 

DUFAYCOLOR 

Dufaycolor,  manufactured  by  Dufay  Limited  (formerly  Dufay- 
Chromex  Limited),  is  the  single  remaining  prominent  additive  three- 
color  process  available  in  recent  years.  It  is  of  the  “combined”  screen- 
plate  type,  having  a  “regular”  mosaic  consisting  of  blue  and  green 
squares  with  red  lines.  There  are  approximately  1,000,000  color  filter 
elements  per  square  inch  of  screen  surface. 

To  obtain  the  screen,  or  “reseau  ”  the  base  is  first  coated  with  a  thin 
layer  of  collodion  dyed  blue.  Greasy  ink  lines  are  printed  on  the 
surface  of  the  collodion.  These  protect  the  underlying  areas  while  the 
rest  of  the  collodion  is  first  bleached,  and  then  dyed  green.  The  greasy 
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ink  lines  are  removed,  and  a  new  set  applied  at  right  angles  to  the 
first  set.  The  blue  and  green  collodion,  except  for  that  protected  by 
the  lines,  is  again  bleached  and,  this  time,  dyed  red.  Removal  of  the 
greasy  inked  lines  gives  the  completed  screen.  The  reseau  is  then 
coated  with  a  thin  protective  layer  of  varnish,  followed  by  the  pan¬ 
chromatic  emulsion.  A  diagram  of  the  cross  section  of  the  completed 
film  is  given  in  Fig.  8-14.  Exposure  of  the  emulsion  is  through  the 
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Fig.  8T4  Cross-sectional  diagram  of  Dufaycolor  Film  (Dufay-Chromcx,  1949,  p.  4). 


support,  and  development  is  ordinarily  by  reversal.  To  obtain  large 
numbers  of  duplicate  prints,  a  negative-positive  technique  is  some¬ 
times  used. 

Dufaycolor  is  sold  in  roll  film,  film  packs,  and  for  motion  pictures. 
It  is  commonly  used  as  a  camera  film  and,  when  developed,  used  for 
direct  viewing  as  a  transparency,  or  is  projected  (Dufay-Chromex,  1949; 
Spencer,  1948). 


KODACHROME 

The  first  commercially  successful  three-color  dye-coupling  process 
was  Kodak  Kodachrome  Film,  developed  by  Messrs.  Leopold  Mannes 
and  Leo  Godowsky,  Jr.,  in  collaboration  with  other  members  of  the 
Eastman  Kodak  Research  Laboratories  and  Kodak  Park  Works,  and 
marketed  in  1935  (Mees,  1935;  Davies,  1936).  It  is  a  reversal  process 
and  differs  from  most  subsequent  dye-coupling  processes  in  that  the 
couplers  are  in  the  developer  solutions  rather  than  in  the  emulsions. 
The  film  is  composed  of  successive  coatings,  all  on  the  same  support, 
of  a  red-sensitive  emulsion,  followed  by  a  green-sensitive  emulsion,  a 
yellow  filter,  and  a  blue-sensitive  emulsion.  A  cross  section  of  the  film 
is  illustrated  in  Fig.  8-15.  The  film  is  exposed  in  an  ordinary  camera. 
After  exposure  the  latent  images  in  all  three  layers  are  developed  to 
silver  images  in  a  black-and-white  developer  of  normal  type. 

In  the  process  originally  used  the  negative  silver  images  were  then 
bleached  from  the  film.  The  residual  silver  halide  was  developed  in  a 
coupling  developer  which  formed  a  cyan  dye  and  silver  image  from  the 
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residual  silver  halide  in  all  three  layers.  Subsequent  to  this  co  or 
development  the  film  was  dried.  It  was  next  treated  with  a  slowly 
penetrating  bleach  solution  which  bleached  the  cyan  dye  out  of  the 
twotop  layers  and  converted  the  silver  in  these  layers  hack  to  silver 
halide  This  treatment  was  followed  by  a  coupling  developer  with 
magenta  coupler,  forming  magenta  dye  and  silver  in  the  two  top  layers. 
The  film  was  again  dried.  It  was  then  treated  in  a  second  slowly  pene¬ 
trating  bleach  which  bleached  the  magenta  dye  out  of  the  top  layer 
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Fig.  8-15  Cross-sectional  diagram  of  Kodak  Kodachrome  Film. 

and  converted  the  silver  back  to  silver  halide.  This  was  finally  devel¬ 
oped  in  a  yellow  coupling  developer.  After  the  silver  image  was 
bleached  and  removed,  the  three-color  image  remained  as  a  dye  posi¬ 
tive  ready  for  projection. 

Subsequently,  this  process  was  replaced  by  a  simpler  method  of 
processing  (Mees,  1942b,  pp.  45-46).  After  the  negative  development 
of  the  silver  image  in  all  three  layers  the  film  is  exposed  to  red  light. 
1  his  exposes  all  the  residual  silver  halide  in  the  bottom  red-sensitive 
layer.  '1  he  film  is  then  devlopcd  in  a  cyan-forming  color  developer. 
Next  the  film  is  exposed  from  the  top  with  blue  light.  This  exposes 
only  the  top  blue-sensitive  layer,  since  the  yellow-filter  layer  initially 
coated  in  the  film  is  still  present.  Development  in  a  yellow  coupling 
developer  gives  a  yellow  dye  image  in  the  top  layer.  The  film  is  finally 
developed  in  a  magenta  developer,  in  which  the  residual  halide  in  the 
middle  layer  is  converted  to  a  magenta  dye  image.  Finally,  the  silver 
images  in  all  layers  and  the  yellow-filter  layer  are  bleached  and  fixed, 
leaving  the  proper  positive  dye  images  in  the  film. 


Koclachrome  is  available  for  8-nun  and  16-mm  motion  pictures,  and 
for  35-mm  slide  transparencies.  Emulsions  similar  to  those  used  in 
Kodachrome  are  also  coated  onto  a  white  pigmented  acetate  support 
to  give  Kodachrome  prints  (Mees,  1942b,  pp.  45-46).  In  1947  the 
Eastman  Kodak  Company  introduced  a  special  l(jw-contrast  Koda¬ 
chrome  film  for  use  in  16-mm  commercial  photography.  Prints  are 
made  onto  a  special  Kodachrome  duplicating  film. 


AGFACOLOR  NEUF.  AND  ANSCO  CO  I,  OR 

Shortly  after  the  release  of  Kodachrome,  Agfacolor  Neue  became 
available  in  Europe  and  Ansco  Color  in  the  United  States.  These  are 
reversal  materials  and,  unlike  Kodachrome,  may  be  processed  by  the 
user.  In  these  films  the  color-forming  couplers  are  dispersed  in  the 
emulsions  before  coating  onto  the  support,  rather  than  used  in  the  de¬ 
veloper  as  for  Kodachrome.  The  couplers  are  immobilized  against 
wandering  from  one  layer  to  another  by  the  attachment  of  heavy  mo¬ 
lecular  chains.  The  lower  red-sensitive  layer  contains  a  cyan-forming 
coupler;  the  center  green-sensitive  layer  contains  a  magenta  coupler; 
and  the  upper  blue-sensitive  layer  contains  a  yellow  coupler.  There  is 
a  yellow  filter  layer  immediately  below  the  blue-sensitive  emulsion. 
After  exposure  in  a  normal  camera  the  film  is  first  developed  in  a 
developer  of  the  black-and-white  type  to  give  negative  silver  images  in 
all  layers.  After  this  the  film  is  thoroughly  exposed  on  both  sides  and 
is  developed  in  a  p-phenylenediamine-type  color  developer.  In  this 
development,  the  residual  silver  halide  in  all  three  layers  is  developed 
simultaneously,  and  the  couplers  in  each  layer  form  the  proper  dyes. 
After  color  development,  the  negative  and  positive  silver  images  are 
bleached  and  fixed,  leaving  a  positive  color  picture.  A  similar  material 
is  also  available  on  pigmented  white  support  for  reversal  reflection  prints 
under  the  name  Ansco  Printon. 


KODACOLOR 

In  1942  the  Eastman  Kodak  Company  introduced  Kodak  Kodacolor 
Film  and  Kodacolor  Paper  for  use  in  the  amateur  field  (Mees,  1942b, 
pp.  48-49).  Kodacolor  is  a  negative-positive  process  with  the  color¬ 
forming  couplers  coated  in  each  emulsion  instead  of  being  in  tie 
developer  solution.  The  manner  in  which  the  couplers  are  held  in 
the  emulsion  differs  from  that  of  Agfacolor  and  Ansco  Color  in  that 
the  couplers  are  not  dispersed  directly  in  the  emulsion,  but  are  firs 
dissolved  in  an  oily  liquid  which  is,  in  turn,  dispersed  in  the  emulsion. 
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This  nrocedure  helps  to  prevent  interaction  between  the  coupler  ma¬ 
terials  and  the  silver  halide  grains.  Kodacolor  film,  after  exposure  m 
n  ordinary  camera,  is  developed  to  a  negative  image  in  a  developer  of 
‘the  p-phenylenediamine  type.  This  forms  simultaneously  a  silver  and 
di  e  image  in  each  layer.  After  development  the  silver  image  and  yel  ow 
filter  layer  are  bleached  and  removed,  leaving  the  three-color  negative 
images  in  the  appropriate  layers.  The  colors  of  the  negative  are  roughly 
complementary  in  hue  to  the  original  colors  photographed.  The  nega¬ 
tive  is  then  printed  onto  a  paper  containing  emulsions  and  couplers 
similar  to  those  used  in  the  original  film.  After  color  development, 
bleaching,  and  fixing,  this  gives  a  positive  paper  print  in  proper  colors. 

Subsequently,  an  additional  layer  was  incorporated  in  the  film  for 
producing  a  positive  silver-image  mask  which  corrected  for  some  of  the 
brightness  errors  introduced  by  the  unwanted  absorptions  of  the  cyan 
and  magenta  dyes.  In  1949  this  film  was  replaced  by  one  in  which 
the  masking  is  achieved  by  colored  couplers  in  the  cyan  and  magenta 
dye  layers  (sec  Ektacolor,  below). 


EKTACHRQ M E 

Later  Eastman  Kodak  Company  introduced  Kodak  Ektachrome  Film 
(Mees,  1948,  p.  139).  This  is  a  film  of  the  same  general  type  of  struc¬ 
ture  as  Kodacolor  negative  film.  Reversal  development  is  used,  how¬ 
ever,  leading  to  a  direct  positive  transparency.  Ektachrome  is  com¬ 
monly  used  directly  as  a  transparency  or,  in  commercial  and  professional 
photography,  to  obtain  separation  negatives  for  color  prints  or  photo¬ 
mechanical  reproductions.  Ektachrome  is  processed  by  the  photog¬ 
rapher  or  by  commercial  processing  laboratories. 


EKTACOLOR 

Kodak  Ektacolor  Film  was  first  introduced  by  the  Eastman  Kodak 
Company  in  1948  (Miller,  1949,  pp.  1S1-155).  It  is  a  color  negative 
sheet  film  with  the  couplers  incorporated  in  each  emulsion.  The 
couplers  are  colored,  and  the  color  of  each  is  destroyed  during  the 
development  process  in  proportion  to  the  amount  of  image  dye  which 
is  developed  in  the  layer.  This  results  in  the  formation  of  a  negative 
image  in  the  developed  dye,  simultaneously  leaving  a  positive  image  in 
the  residual  coupler.  1  hese  positive  images  counteract  the  effects  of 
the  overlapping  absorptions  of  the  negative  image  dyes  and  lead  to 
greatly  improved  color  reproduction  in  subsequent  prints. 
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Associated  with  the  Ektacolor  negative  sheet  film  is  a  panchromatic 
matrix  film  for  making  direct  separation  matrices  for  the  Dye  Transfer 
printing  process  and  an  Ektacolor  Print  Film  for  making  positive  trans¬ 
parencies. 

EASTMAN  COLOR  NEGATIVE  AND  PRINT  FILM 

Eastman  Color  Negative  is  a  35-mm  motion-picture  negative  film. 
It  is  similar  to  Ektacolor  Sheet  Film  with  characteristics  specially 
adapted  for  use  in  the  motion-picture  field.  The  Eastman  Color  Print 
Film  is  a  positive  film  for  use  in  making  35-mm  motion-picture  prints 
from  Eastman  Color  Negative.  It  contains  couplers  in  the  appropriate 
layers  and  is  developed  directly  in  a  color-forming  developer.  It  may 
also  be  used  for  making  prints  from  separation  negatives  (Hanson, 
1952). 

DU  PONT  COLOR  FILM 

Du  Pont  Color  Film  is  a  multilayer  film  for  use  in  making  prints 
from  three-color  separation  negatives.  A  synthetic  polymer  is  used  in 
place  of  gelatin.  The  silver  halide  grains  are  suspended  in  this  polymer, 
and  the  color  couplers  are  chemically  attached  to  it.  The  yellow  dye 
is  formed  in  the  green-sensitive  layer  next  to  the  base,  the  cyan  dye 
is  formed  in  the  red-sensitive  middle  layer,  and  the  magenta  dye  in  the 
blue-sensitive  top  layer  (Jennings,  Stanton,  and  Weiss,  1950). 

ANSCO  COLOR  NEGATIVE  AND  POSITIVE  FILM 

The  General  Aniline  and  Film  Corporation  has  marketed  an  Ansco 
negative-positive  film  for  35-mm  motion  pictures.  The  structure  of  the 
film  is  similar  to  that  previously  described  (see  p.  306). 

OTHER  COUPLING  PROCESSES 

In  recent  years  a  number  of  processes  have  become  available  which 
use  the  dye-coupling  method  for  obtaining  the  three  subtractive  images. 
Agfa  has  produced  a  color  negative  and  a  color  print  film,  both  with 
couplers  incorporated  in  the  emulsion,  for  making  motion  pictures. 
The  negative  film  is  also  available  in  rolls  for  still-camera  use  in  35-mm 
and  larger  sizes.  Prints  are  made  on  a  paper  containing  emulsions  wit 
incorporated  couplers.  Gcvaert  Ltd.  in  Belgium  (Bracey-Gibbon,  1949) 
and  Ferrania  in  Italy  also  produce  similar  films. 
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Ilford  Ltd.,  in  England,  produces  a  color-reversal  film  for  rnak  ng 
35-mm  still  transparencies.  The  film  and  process  arc  similar  to  the 
Kodachrome  process  of  the  Eastman  Kodak  Company.  Similar  fi 
are  also  produced  by  Fuji  Film  Company  and  by  Kimshiroku  Pho 
graphic  Industries  Company  Ltd.,  in  Japan. 


the  trichrome  carbro  process 

Trichrome  Carbro  prints  consist  of  three  pigmented  gelatin  layers  in 
relief,  superposed  in  register  on  a  paper  support.  To  obtain  the  prints, 
separation  negatives  are  first  made.  From  these,  positive  paper  prints 
are  made,  using  a  photographic  print  material  with  a  silver  bromide 
emulsion,  rather  than  the  more  common  chlorobromidc  type  of  emul¬ 
sion.  The  emulsion  surface  must  also  be  free  of  the  usual  protective 
coating  of  gelatin.  Pigmented  (cyan,  magenta,  and  yellow)  gelatin 
tissues  which  have  been  “sensitized,”  usually  in  an  acidified  solution  of 
potassium  ferricyamde,  potassium  bromide,  and  potassium  bichromate, 
are  then  brought  in  contact  with  the  positive  prints.  The  tissue  and 
the  print  are  left  together  for  about  10  min,  during  which  time  the 
gelatin  of  the  tissue  is  differentially  hardened,  the  thickness  of  the 
hardened  layer  being  roughly  proportional  to  the  silver  density  of  the 
bromide  print.  The  tissue  is  then  placed  upon  a  temporary  support, 
and  the  unhardened  portions  washed  away  with  hot  water.  The  three 
relief  images  so  obtained  are  transferred  in  register  to  a  second  tem¬ 
porary  support.  A  final  transfer  of  the  combined  images  is  made  to  a 
permanent  support  (Hanworth,  1950). 

Pigmented  tissues  for  the  Carbro  process  are  sold  by  the  Autotype 
Company  Ltd.,  George  Murphy,  and  McGraw  Colorgraph  Company. 


other  superposed-gelatin  processes 

Although  Carbro  is  probably  the  most  extensively  used  process  in¬ 
volving  superposed  gelatin  layers,  there  has  been  some  continued  use 
of  printing  processes  similar  to  the  older  carbon  process.  Exposures  of 
the  pigmented  tissues  are  made  directly  from  separation  negatives. 
The  hardening  is  due  to  the  direct  action  of  the  light  on  the  gelatin, 
which  has  been  sensitized  in  a  bichromate  bath.  After  treatment  with 
hot  water  to  obtain  the  relief  images,  the  gelatin  layers  are  registered 
together  on  a  paper  support.  Available  processes  include  Autotype 
Wet  Carbon,  Dufay  tissue  (Beale,  1941),  and  Belcolor. 
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TECHNICOLOR 


technicolor  Motion  Picture  Corporation  produces  35-mm  motion 
pictures  by  an  imbibition  process.  Three  separation  negatives  are  ob¬ 
tained  by  means  of  a  beam-splitting  camera.  Tire  green  negative  is 
exposed  in  one  gate,  the  red  and  blue  negatives  are  exposed  in  a  bipack 
in  a  second  gate.  The  three  separation  negatives  are  printed  onto 
separate  pieces  of  matrix  film  which  are  developed  in  a  tanning  de¬ 
veloper  and  washed  off  to  give  relief  images.  These  are  bathed  in  the 
appropriate  dye  solutions  and  the  images  transferred  to  the  final  mor¬ 
danted  release  print  stock.  In  some  cases  Technicolor  uses  Monopack, 
a  film  similar  to  Kodachrome,  in  the  camera,  and  obtains  the  separa¬ 
tion  negatives  from  this  color  image.  Technicolor  also  makes  35-mm 
“blow-up”  separation  negatives  and  imbibition  prints  from  16-mm  color 
originals,  and  16-mm  imbibition  prints  from  35-mm  separation  nega¬ 
tives. 

KODAK  DYE  TRANSFER 

The  Kodak  Dye  Transfer  process  is  used  for  making  paper  prints. 
It  requires  separation  negatives  made  in  a  one-shot  camera  or  obtained 
from  Kodachrome  or  Ektachrome  or  other  color  positive  transparencies. 
The  separation  negatives  are  printed  onto  matrix  films,  which  are  de¬ 
veloped  in  a  tanning  developer  and  washed  in  hot  water  to  give  relief 
images.  These  are  soaked  in  the  appropriate  dye  solutions  and  trans¬ 
ferred  in  register  onto  a  premordanted  paper.  This  process  replaced 
the  earlier  wasli-off  relief  process  in  which  the  relief  images  were  ob¬ 
tained  by  developing  the  matrix  film  in  a  normal  black-and-white 
development  and  effecting  the  hardening  in  a  bichromate  bleach  bath. 


TONING  AND  MORDANTING  PROCESSES 

A  great  number  of  processes  of  the  toning  and  mordanting  type  have 
been  seriously  attempted,  but  only  a  few  have  been  successful  com¬ 
mercially.  Cinecolor  Corporation  operates  a  two-color  process  for 
making  35-mm  motion  pictures.  Separation  negatives  are  obtained 
by  the  bipack  method.  These  negatives  are  printed  on  the  opposite 
sides  of  a  duplitized  positive  film.  After  developing  and  fixing  both 
sides,  one  of  the  sides  is  converted  to  a  Prussian  blue  image  by  a 
flotation  process.  The  silver  image  of  the  other  side  is  then  con¬ 
verted  to  a  mordant,  and  a  red  dye  introduced  to  give  the  proper  coloi 

image. 
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ler  bromide  in  such  a  way  that  its  light  sensitivity  ,s  tegunrf.  TJ* 
Silver  bromide  is  used  for  exposure  for  the  yellow  .mage  Both  the 
yellow  and  the  magenta  images  are  produced  y  “)n''cr  "'g  l 
veloped  silver  to  silver  iodide,  which  serves  as  a  mordant  for  dv  . 


multilayer  stripping  films 

Attempts  to  obtain  satisfactory  separation  negatives,  particularly 
for  motion-picture  work,  have  led  to  the  development  of  multilayer 
Stripping  films.  One  such  film  has  been  described  by  Capstaft  (N5U). 
This  film,  illustrated  in  Fig.  8-16,  is  a  multilayer-type  film  with  strip- 


Fig.  8-16  Cross-sectional  diagram  of  multilayer  stripping  film  (Capstaff,  1950,  p. 
•446). 


ping  layers  between  each  of  the  emulsion  layers.  It  contains  the  usual 
yellow-filter  dye  beneath  the  top  blue-sensitive  layer.  It  can  be  exposed 
in  an  ordinary  black-and-white  camera.  Prior  to  development,  the  top 
layer,  after  immersion  in  water,  is  placed  in  contact  with  a  separate 
piece  of  specially  prepared  film  base  and  is  stripped  away  from  the 
other  two  layers.  Next  the  green-sensitive  layer  is  brought  in  contact 
with  a  similar  piece  of  support  and  is  stripped  away,  leaving  the  red- 
sensitive  emulsion  on  the  original  support.  Development  to  silver 
images  then  gives  the  three  separation  negatives. 

A  bipack  stripping  film  has  been  described  by  du  Pont  (Sease,  1949). 
I  his  film  has  two  of  the  sensitive  layers  coated  on  the  same  support, 
separated  by  a  soluble  layer  which  allows  stripping  after  the  film  is  de¬ 
veloped.  The  red  color  record  is  obtained  on  a  separate  film. 
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Typ  es  of  Dyes 
and  Other  Colorants 

CHAPTER  IX 


IMAGES  making  up  a  color  photograph  are  usually  spoken  of  as  dye 
images.  The  term  dye  in  such  instances  is  used  in  a  broad  sense, 
as  actually  the  image  may  be  one  either  of  dye  or  of  pigment.  In  pre¬ 
cise  usage,  a  distinction  is  made  between  these  two  terms  on  the  basis 
of  their  solubilities.  A  dye  is  soluble  in  the  medium  through  which 
it  is  applied,  whereas  a  pigment  is  not.  The  general  term  which  in¬ 
cludes  both  of  these  is  colorant. 

TYPES  OF  COLORANTS 

Until  near  the  end  of  the  past  century,  dyes  and  pigments  came 
almost  exclusively  from  substances  which,  in  their  natural  state,  were 
colored.  A  few  naturally  occurring  colorants  are  still  in  use.  The 
dyes  brazilwood  and  logwood,  for  example,  come  from  the  wood  of  the 
trees  of  these  same  names.  The  red  dye  madder  comes  from  the 
madder  root.  Persian  blue,  Persian  green,  and  other  such  Persian  colors 
are  derived  from  berries,  although  some  of  the  dyes  now  sold  under 
these  names  are  made  synthetically.  The  yellow  dye,  quercitron,  comes 
from  the  bark  of  an  oak  tree.  Indigo  and  the  yellow  dye,  weld,  also 
originate  from  plants.  Cochineal  is  a  deep  red  dye  and  kerines  a  pur¬ 
plish  red,  both  of  which  come  from  the  dried  and  crushed  bodies  of 
insects. 

Modern  colorants  are  obtained  largely  through  the  synthesis  of  or¬ 
ganic  compounds.  An  early,  though  not  actually  the  first,  synthesis 
of  this  type  was  that  of  the  dye  mauve,  by  William  H.  Perkin  in  1856. 
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The  chemical  classification  associates  the  colorants  according  o  c  r- 
tain  of  their  structural  groups  of  atoms,  which  have  been  called  chiomo- 
phores.  The  principal  types  of  colorants,  with  pairs  of  the  more  promi¬ 
nent  resonating  structures  of  a  typical  example  of  each,  are  given  in  the 

table  of  Fig.  9-1.  ,  , 

A  second  classification,  which  in  practice  is  generally  more  useful, 

is  that  based  upon  the  types  of  materials  to  which  the  colorants  can 
be  applied.  This  classification  does  not  group  the  colorants  in  the  same 
manner  as  does  the  chemical  classification  already  mentioned.  It  is, 
of  course,  related  to  chemical  structure,  but  more  closely  to  the  auxo- 
chrome  groups  than  to  the  chromophore  groups. 

According  to  this  second  method  of  classification,  the  groups  may  be 
listed  as:  (a)  acid  dyes,  (b)  basic  dyes,  (c)  direct  dyes,  (d)  mordant  dyes, 
(e)  vat  dyes,  ( f )  acetate  dyes,  and  (g)  pigments.  Examples  of  dyes 
illustrating  each  of  these  groups  are  given  in  the  table  of  Fig.  9-2. 

Acid  dyes:  These  consist  largely  of  the  sodium  salts  of  the  sulfonic 
acids,  but  they  also  include  dyes  containing  phenol  groups  associated 
with  nitro  groups.  They  are  used  in  dyeing  wool,  usually  from  a  bath 
acidified  with  dilute  sulfuric  or  acetic  acid.  They  are  rarely  used  with 
cotton. 

Basic  dyes:  These  dyes  usually  occur  as  salts  of  color  bases  with  hydro¬ 
chloric  acid.  They  can  be  used  directly  with  either  cotton  or  wool, 
but  more  often  they  are  used  with  mordanted  cotton.  Mordants  fre¬ 
quently  used  are  tannic  acid  and  tartar  emetic  or  a  fatty  acid  salt  of 
aluminum. 

Direct  dyes:  These  are  salts  which  can  be  used  directly  with  cotton. 
For  the  most  part,  they  are  azo-compounds  derived  from  benzidine 


C6H4NH2 


or  bases  similar  to  benzidine.  Direct  dyes  are  also  called  substantive 
cotton  dyes. 
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Dye  Types  Typical  Resonance  Structures 
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Auramine 


Dye  Types  Typical  Resonance  Structures 


Fluorescein 
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Figure  9-1  ( Continued ) 

Dye  Types  Typical  Resonance  Structures 
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Alizarine 


Figure  9-1  ( Continued ) 

Dye  Types  Typical  Resonance  Structures 
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Indanthrene  Blue  Ii 
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Monastral  Blue 

Fig.  9*1  Pairs  of  the  more  prominent  resonating  structures  for  a  typical  example  of  each  of  the  principal  types  of  colorants. 


Figure  9-2 


Acid  Dyes 

Alizarine  Sapphire  SE  (NAC)(1053) 
Azo  Rhodine  3G  (S)  ( 54) 

Calcocid  Blue  B  (CCC)(707) 

Cloth  Fast  Brilliant  Red  G  (Ciba) 
(275)  V  ; 

Fast  Scarlet  BA  (G)(280) 

Pontacvl  Carmine  6B  (DuP)(57) 
Wool  Blue  Black  6B  Cone.  (Gy) 
(304)  V  ' 

Basic  Dyes 

Violet  6BN  Pdr.  (CCC)(681) 
Victoria  Pure  Blue  BO  (DuP)(728) 
Safranine  8B  (NAC)(843) 

Phosphine  GRR  Cone.  (Gy)(789) 
Paper  Blue  BP  Cone.  (G)(729) 
Malachite  Green  Pdr.  (Ciba)(657) 
Chrysoidine  Y  Ex.  (AAP)  (20) 
Bismarck  Brown  R  (S) (332) 

Direct  Dyes 

Amanil  Garnet  RB  (AAP)(375) 
Benzo  Azurine  G  Cone.  (S)  ( 502) 
Brilliant  Direct  Orange  A-CF  (G) 

(32b) 

Brilliant  Yellow  C  (NAC)(364) 
Calcodur  Blue  RL  Cone.  (CCC) 

(319) 

Thioflavine  S  (DuP)(816) 

Triazol  Fast  Scarlet  B  (Ciba)(382) 
Polyphenyl  Orange  2R  Supra  (Gy) 
(621) 


Mordant  Dyes 

Alizarine  Blue  2RC  Pdr.  (NAC) 
(1062)  V  ' 
Alizarine  Brown  HDO  Pst.  (G) 
(1035)  V  ] 

Alizarine  B  20%  Pst.  (CCC)(1027) 

*  Chrome  Fast  Yellow  O  (Ciba) 

(195)  ' 

*  Pontachrome  Blue  SW  (DuP)(180) 

*  Omega  Chrome  Dark  Violet  D  (S) 

(169)  ' 

*  Erio  Chrome  Yellow  6G  (Gy) (122) 

Vat  Dyes 

Vat  Orange  R  Pst.  (NAC) (12 17) 
Ponsol  Yellow  G  Dbl.  Pst.  (DuP) 
(1118) 

Midland  Vat  Blue  R  Pdr.  (Ciba) 
(1183) 

Indanthrene  Red  RK  Ex.  Pdr.  (G) 
(1162) 

Calcosol  Olive  R  Pst.  (CCC)(1150) 
Amanthrene  Dark  Blue  BO  Pst. 
(AAP)(1099) 

Acetate  Dyes  (Direct  on  Acet.  Rayon) 
Nacelan  Blue  D  (NAC) 

Cibacete  Rubine  BS  (Ciba) 

Celliton  Fast  Yellow  GA  (G) 
Celanthrene  Orange  Ex  (DuP) 

Artisil  Diazo  Navy  2B  (S) 

Amacel  Cerise  B  (AAP) 

Acetate  Pink  Y  (CCC) 


Pigments 

Anthragcn  Red  Violet  RH  Pdr.  (G)  Lithosol  Deep  Blue  B  (DuP)(1177) 
(1212)  Permaton  Red  Toner  D  (CCC) 

Calcotone  Black  Pst.  (CCC) (1308)  Solastral  Blue  WP  (NAC) 

*  These  dyes  are  also  acid  dyes. 

Fig.  9-2  Example  colorants,  with  manufacturers  and  color  index  numbers  (Ameri¬ 
can  Association  of  Textile  Chemists  and  Colorists,  1949).  Designations:  AAP, 
American  Aniline  Products,  Inc.;  CCC,  Calco  Chemical  Division,  American  Cyana- 
mid  Co.;  Ciba,  Ciba  Co.,  Inc.;  DuP,  E.  I.  du  Pont  de  Nemours  &  Co.,  Inc.,  G, 
General  Dyestuff  Corp.;  Gy,  Geigy  Co.,  Inc.;  NAC,  National  Aniline  Div.,  Allied 
Chemical  &  Dye  Corp.;  and  S,  Sandoz  Chemical  Works,  Inc.  Numbers  in  paren¬ 
theses  are  color  index  numbers. 
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Mordant  dyes:  This  group  comprises  a  a  f  hydroxyl 

*«• ,»  r*  “£  iZm,  ?«!«—, 
"fz  i*  ™u  k"* 

3aAws«S»SK»s 

r»P  •  1—  —  »<  *« 

ran  be  used  with  cellulose  acetate. 

Pigments:  Pigments  are  insoluble  in  water  or  other  vehicles  m  which 
they  "are  applied.  They  are  generally  employed  as  the  coloring  matter 
for  paints,  lacquers,  varnishes,  and  the  like. 


fluorescent  substances 

Fluorescence  is  a  property  which  certain  substances  have  of  emitting 
electromagnetic  radiations  during,  and  as  a  direct  consequence  of,  the 
absorption  of  other  radiations  of  differing  spectral  composition,  i  he 
same  term  is  also  applied  to  the  radiation  which  is  so  emitted. 

In  general,  colored  substances  absorb  radiation  in  different  regions 
of  the  visible  spectrum  to  a  different  degree.  A  yellow  dye,  for  example, 
absorbs  blue  light  and  transmits  green  and  red.  If  a  monochromatic 
green  light  is  used  as  the  source  of  radiation,  however,  only  green  is 
transmitted.  No  radiant  energy  comes  from  the  substance  at  a  wave¬ 
length  different  from  that  included  in  the  incident  illumination. 

Most  fluorescent  substances  are  similar  to  common  colorants  in  that 
they  selectively  absorb  and  transmit  radiant  energy,  but  they  differ 
basically  in  that  they  immediately  re-emit  portions  of  the  absorbed 
radiation,  usually  at  wavelengths  differing  from  those  of  the  energy 
absorbed.  Thus,  for  example,  a  fluorescent  dye  may  absorb  ultra¬ 
violet  radiation  and  emit  blue  light,  or  absorb  green  to  emit  red. 
The  radiant  energy  emerging  from  a  fluorescent  material  may  contain 
wavelengths  not  included  in  the  illuminant. 

The  directional  variation  in  intensity  of  the  emitted  components 
provides  a  simple  means  of  observing  fluorescence.  If  a  beam  of  light 
is  incident  on  a  test  tube  containing  a  clear  solution  of  the  substance, 
the  transmitted  portion  of  the  beam  can  be  seen  by  looking  at  the  light 
source  through  the  test  tube.  This  part  of  the  beam  also  includes  the 
fluorescence,  but  its  relative  intensity  is  usually  so  low  that  it  has  little 
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effect  on  the  color  of  the  transmitted  light.  If  the  test  tube  is  ex¬ 
amined  from  a  direction  at  right  angles  to  the  beam  path,  only  the 
fluorescence  is  seen. 

I  he  table  of  Pig.  9-3  gives  a  partial  list  of  the  substances  which  are 
strongly  fluorescent.  Most  of  the  substances  are  colorants  which  are 
commonly  used  in  fabrics  and  paints,  and  therefore  they  are  often  en¬ 
countered.  Some  of  them  absorb  in  the  ultraviolet  and  fluoresce  in 
the  visible.  The  colors  that  these  substances  exhibit  will,  therefore, 
depend  to  some  extent  upon  absorptions  of  radiations  which  are  beyond 
the  visible  range. 

Figure  9-3 


Color  and  Approximate 
Wavelength  of  Maximum 


Dye 

Density  in  Millimicrons 

Alizarine  Rubine  R  (AAP) 

Pink 

530  m/x 

Auramine  0  (DuP) 

Yellow 

430  m/z 

Brilliant  Wool  Blue  B  (NAC) 

Blue 

Diphenyl  Brilliant  Violet  R  (Gy) 

Magenta 

Fast  Acid  Pink  B  (G) 

Pink 

*  Fluorescein 

Yellow 

490  mu 

Pontacyl  Light  Green  SF  (DuP) 

Green 

Rhodamine  6  GDN  (G) 

Pink 

528  m^u 

*  Rhoduline  Orange  N  (G) 

Yellow-orange 

485  m/Li 

Thiazol  Yellow  (Ciba) 

Yellow 

390  mu 

*  Acriflavine  (Trypaflavine)  (NAC) 

Yellow 

Color  of 
Fluorescence 
Red 
Green 
Violet 
Red 
Orange 
Green 
Blue-green 
Green-yellow 
Yellow 
Yellow-white 
Green-yellow 


Fig.  9*3  Partial  list  of  strongly  fluorescent  substances  with  the  general  spectral 
regions  of  their  absorption  and  fluorescence.  Asterisk  indicates  that,  under  suitable 
conditions,  the  substance  is  also  phosphorescent.  (See  Fig.  9-2  for  manufacturers.) 


In  the  examples  given  in  Fig.  9’3,  it  will  be  noted  that  those  which 
absorb  ultraviolet  radiate  violet,  blue,  or  blue-green;  those  which  ab¬ 
sorb  blue  radiate  green  or  greenish  yellow;  and  so  on.  As  far  as  the 
main  regions  of  absorption  and  emittance  are  concerned,  these  sub¬ 
stances,  and  all  others  which  fluoresce,  obey  Stokes’  law  which  states 
that  the  fluorescence  must  be  of  longer  wavelength  than  the  absorbed 
radiation.  Spectrophotometric  analyses  of  the  radiation  absorbed  and 
emitted  in  fluorescence  reveal,  however,  that  portions  of  the  fluores¬ 
cence  are  often  of  shorter  wavelength  than  portions  of  the  radiation 
which  will  give  rise  to  fluorescence,  as  is  illustrated  m  Fl?-  9’4  for*h® 
fluorescent  lye  cosin.  The  spectral  distribution  of  the  hght  absorbed 
is  given  by  a  and  that  of  the  fluorescence  by  b.  1  he  relative  distn 
tion  of  the  fluorescence  is  independent  of  the  exciting  radiation;  that 
is,  the  distribution  will  be  that  given  by  b  whether  the  exciting  radia¬ 
tions  are  monochromatic  at  500  m*  monochromatic  at  550  nr*  or 
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combination  of  these  with  other  wavelengths  of  radiation  The  over¬ 
lapping  of  the  curves  indicates  that  fluorescence  may  be  produced  which 
Includes  shorter  wavelengths  than  that  of  the  exciting  rachatr  m  The 
portion  of  the  spectrum  in  which  this  may  pccur  is  called  the  anti 

The  relative  effectiveness  of  different  incident  radiations  in  produc¬ 
ing  fluorescence  is  given  by  curve  c.  This  curve  is  similar  in  shape  an 


Fig.  9 -4  Fluorescence  of  the  dye  eosin:  (a)  absorption  distribution,  ( b )  fluorescence 
distribution,  (c)  relative  effectiveness  of  incident  radiation  in  producing  fluorescence, 
and  (d)  relative  effectiveness  of  absorbed  radiation  in  producing  fluorescence  (Prings- 
heim,  1949,  p.  306). 

close  in  position  to  curve  a.  When  the  ordinates  on  curve  c  are  di¬ 
vided  by  those  of  curve  a,  a  curve  d  results  (scale  is  relative  only).  This 
curve  shows  that  the  relative  effectiveness  of  the  absorbed  radiation  in 
producing  fluorescence  is  nearly  constant,  with  only  slight  increase 
with  increasing  wavelength. 

PHOSPHORESCENT  SUBSTANCES 

Closely  allied  with  the  phenomenon  of  fluorescence  is  that  of  phos¬ 
phorescence.  The  primary  observable  difference  pertains  to  the  length 
of  time  between  absorption  and  re-emission.  In  fluorescence  this  time 
lag  is  of  extremely  short  duration.  In  phosphorescence  it  is  longer. 
Some  substances  will  glow  faintly  for  hours  after  being  irradiated.  For 
others,  however,  the  delay  may  be  of  very  short  duration,  and  in  such 
cases  the  distinction  between  phosphorescence  and  fluorescence  on  a 
time  basis  becomes  somewhat  arbitrary.  In  such  cases  other  distinc- 
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tions  can  sometimes  be  made  which  are  based  upon  our  concepts  of 
what  takes  place  within  the  molecules  during  fluorescence  and  phos¬ 
phorescence.  These  will  be  discussed  in  a  later  section. 

Substances  which  phosphoresce  usually  do  so  in  the  solid  state.  In 
solution  form,  or  under  other  suitable  conditions,  these  same  sub¬ 
stances  will  usually  fluoresce.  The  fluorescent  substances  listed  in  Fig. 
9-3  which,  under  the  proper  conditions,  also  phosphoresce  are  indi¬ 
cated  by  an  asterisk. 


Theories  of  Color  Formation 

It  has  long  been  assumed  by  chemists  that  there  must  be  some  rela¬ 
tionship  between  the  chemical  nature  or  structure  of  an  organic  com¬ 
pound  and  its  color. 

EARLY  THEORIES 

The  first  comprehensive  theory  relating  structure  to  the  presence  of 
color  was  enunciated  by  O.  N.  Witt  (1876;  1888).  He  postulated  that 
two  conditions  must  be  satisfied  before  a  compound  can  have  color: 
(1)  the  molecule  must  possess  a  potentiality  for  color  and  (2)  there 
must  be  a  salt-forming  group  present  for  developing  the  color  potenti¬ 
ality.  The  portion  of  the  molecule  with  the  potentiality  for  color  has 
come  to  be  known  as  the  chromophore.  The  salt-forming  group  is 
known  as  the  auxochrome.  The  parts  of  the  molecule  excluding  the 
auxochrome  but  including  the  chromophore  and  all  remaining  parts 
are  known  as  the  chromogen.  Typical  chromophores  are  the  nitroso, 
nitro,  and  azo  radicals.  Typical  auxochrome  groups  are  —OH,  — NH2, 
or  other  radicals  of  the  same  general  structure  of  —OR  and  — NR2. 
The  auxochrome  serves  to  intensify  the  color  (increase  its  extinction 
coefficient)  and  gives  affinity  to  the  fiber  of  the  material  to  which  the 
dye  is  to  be  applied.  It  also  usually  deepens  the  color  (moves  the 

absorption  region  to  longer  wavelengths). 

Early  in  the  present  century  it  was  realized  that  the  theory  of  color 
could  not  be  approached  solely  on  the  basis  of  absorption  in  the  visual 
region  of  the  spectrum.  Absorption  characteristics  in  the  ultraviolet 
and  infrared  provide  additional  data  and  must  also  be  explained  by  any 
theory  which  properly  accounts  for  the  characteristics  in  the  visual  region 

of  the  spectrum.  .  ..  i 

A  number  of  modifications  of  the  early  ideas  concerning  the  essential 

nature  of  dyes  were  suggested  during  the  latter  part  of  the  nineteenth 
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and  early  part  of  the  twentieth  centuries.  Some  of  the  most  important 
of  these  were  (Maccoll,  1947,  pp.  16  20); 

1  The  view  that  many  organic  dyes  contained  the  quinonoid  grouping  or  could 

N=  S  "o  thismt  not 

long  accrpted  !t  was  of  importance,  however,  because  of  the  impetus  rt  gave  to  ex- 

nerimental  work,  and  because  of  its  practical  application.  i 

2  The  attempt  to  correlate  the  deepening  of  color  with  increase  in  molecular 
weight  of  the  colorant  compound.  The  term  deepening  means  that  the  absorption 
moves  toward  the  red  end  of  the  spectrum.  Data  along  these  lines  were  presented 
by  R.  Nietzki  in  1879.  Later,  in  1892,  many  exceptions  were  found  The  ter 
“bathychromic”  was  applied  to  groups  which  when  added  to  a  molecule  deepen 
the  color:  the  term  hypsochromic  was  applied  to  those  having  the  opposite  effect. 

3.  The  idea  that  the  color  of  a  substance  is  deeper,  the  longer  the  conjuga  e 
chain.  This  was  introduced  by  J.  T.  Hewitt  and  IT  V.  Mitchell  in  1907.  By  con¬ 
jugated  chain  is  meant  alternative  double  and  single  bonds  connecting  the  carbon 
atoms.  An  example  of  a  compound  containing  such  a  conjugated  chain  is  buta¬ 
diene,  the  structure  represented  by: 

H— C=C— C=C— H 

I  I  I  I 

H  H  H  H 


4.  The  extension  of  the  idea  that  the  roots  of  chromophoric  activity  in  atoms  lay 
in  their  lack  of  valence  saturation.  Although  the  ideas  of  the  way  in  which  valence 
saturation  is  related  to  color  have  been  altered,  unsaturation  is  characteristic  of  dyes. 


The  ideas  just  discussed,  and  others  of  somewhat  the  same  general 
nature,  have  served  as  useful  practical  guides  to  many  dye  workers. 
They  also  have  been  of  considerable  theoretical  importance,  both  in 
interpreting  certain  aspects  of  color  phenomena  and  as  stimuli  toward 
further  research.  Taken  singly  or  collectively,  however,  they  provide 
no  comprehensive  structural  theory  into  which  the  mass  of  collected 
facts  can  be  fitted,  nor  one  which  would  serve  to  unify  the  numerous 
generalizations  which  can  be  drawn  from  these  facts. 


THEORY  OF  RESONANCE 

The  major  recent  development  in  the  theory  of  the  relation  of  ab¬ 
sorption  characteristics  to  chemical  structure  has  resulted  from  the 
application  of  quantum  mechanics  to  this  problem.  This  application 
was  initiated  largely  by  L.  Pauling  and  his  collaborators.  It  provides 
a  sound  theoretical  basis  for  many  of  the  earlier  and  less  precise  ideas 
and  supplements  them  by  introducing  refinements  and  extensions. 

Inherent  in  the  quantum-mechanical  approach,  although  actually 
preceding  it  in  time  of  original  application,  is  the  theory  of  intermedi- 
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ate  stages  or  mesomerism.  According  to  the  earlier  concepts  concern¬ 
ing  the  structure  of  organic  molecules,  any  such  molecule  could  be 
represented  by  a  structural  formula.  Benzene,  for  example,  could  be 
represented  by  (a)  of  Fig.  9-5.  It  was  also  realized  that  benzene  mole¬ 
cules  could  be  represented  by  other  possible  structural  formulae,  the 
chief  one  being  (b)  of  Fig.  9*5. 

Figure  9-5 
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C 
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\  / 

\  / 

c 

1 

C 

1 

H 

H 

(a) 

(6) 

Fig.  9*5  Two  of  several  possible  structural  representations  of  the  organic  com¬ 
pound  benzene. 

For  some  time  there  was  speculation  as  to  whether  all  molecules 
were  actually  in  a  particular  one  of  the  possible  structures,  whether 
part  were  in  one  and  part  in  another,  or  whether  there  was  a  continu¬ 
ous  alternation  between  them.  This  difficulty  was  not  resolved  until 
it  was  suggested  that  it  was  possible  for  the  molecule  to  be  in  a  state 
not  represented  by  any  one,  but  to  be  intermediate  between  two  (or 
more)  of  such  structural  representations.  This  is  the  essence  of  the 
theory  of  mesomerism.  It  should  be  pointed  out  that  mesomerism  is 
considered  to  apply  only  to  molecules  in  which  the  atomic  nuclei  are 
essentially  in  the  same  relative  positions  with  respect  to  each  other. 
The  structural  forms  considered  are  therefore  not  those  of  different 
isomers.  The  variations  in  structural  arrangements  are  primarily  those 
of  the  valence  electrons.  Only  slight  relative  displacements  of  the 
remaining  portions  of  the  molecules  are  involved. 

The  application  of  quantum  mechanics  to  mesomerism  gave  results 
quite  different  from  any  which  had  been  predicted  by  the  more  classi¬ 
cal  approach.  It  was  shown  that  a  molecule  in  an  intermediate  or 
mesomeric  state  between  two  or  more  structures  has  a  stability  greater 
than  that  which  could  be  attributed  to  the  molecule  if  it  existed  in 
either  of  the  structural  forms  with  which  the  mesomeric  state  is  asso- 
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dated.  Stated  differently,  the  energy  of  such  a  structure  is 
the  energy  of  any  of  the  structures  from  which  it  is  derived. 

The  term  "resonance”  has  been  applied  to  this  type  of  phenomenon. 
The  types  of  structures  which  can  be  graphically  represented  are  said  to 
“resonate”  with  each  other  in  producing  the  mesomeric  state.  1  Ins 
resonance  results  in  a  lower  energy  level  for  the  molecule 

As  already  suggested,  there  are  more  than  two  possible  structural 
formulae  which  can  be  written  for  benzene.  For  many  organic  com¬ 
pounds  a  large  number  of  different  structural  formulae  may  be  written. 
These  possibilities  do  not  mean,  however,  that  every  such  structure 
will  contribute  equally  to  the  resonance.  Other  conditions  must  be 
fulfilled.  These  conditions  have  been  summarized  by  Wheland  (1944, 

pp.  7-15)  as: 


1.  Resonance  can  occur  only  between  structures  that  correspond  to  the  same,  or 
to  very  nearly  the  same,  relative  positions  of  all  the  atomic  nuclei. 

2.  Resonance  cannot  occur  between  structures  which  differ  too  widely  in  the  posi¬ 
tions  of  the  electrons. 

3.  Resonance  cannot  occur  between  structures  which  have  different  numbers  of 
unpaired  electrons. 

4.  Whenever  the  preceding  conditions  are  satisfied,  resonance  must,  in  general, 
occur,  but  it  can  be  of  importance  only  if  the  various  structures  involved  are  of  the 
same,  or  nearly  the  same,  stability  (that  is,  energy). 


The  energies  corresponding  to  particular  resonance  structures  that 
have  so  far  been  discussed  are  those  of  the  lowest  or  “ground  state”  of 
the  molecule.  The  same  molecules  can  also  exist  in  more  or  less  stable 
states  at  higher  energy  levels,  or  in  “excited  states.”  The  number  of 
such  states  is  determined  by  the  resonances  which  exist  among  these 
various  structures.  For  simpler  compounds  the  energies  corresponding 
to  the  ground  state  and  the  various  excited  states  may  be  determined 
by  quantum-mechanical  calculations.  For  more  complex  compounds 
the  mathematics  becomes  too  involved  to  be  handled  satisfactorily, 
but  the  same  general  principles  are  believed  to  apply. 

The  total  energy  of  a  molecule  is  not  determined  by  its  mesomeric 
structure  alone.  It  also  has  rotational  energy,  due  to  the  rotations 
around  each  other  of  the  various  atomic  centers,  and  vibrational  energy, 
due  to  the  vibrations  of  these  centers  in  approaching  and  receding  from 
each  other.  The  total  energy,  E,  is  the  sum  of  the  three  energies,  as 
is  indicated  by  the  equation: 


£  =  £e+£„  +  £r  (9-1  a) 

where  Er  is  the  rotational  energy,  Ev  the  vibrational  energy,  and  Ee  the 
electronic-state  energy,  or  that  corresponding  to  the  various  mesomeric 
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structures.  All  three  of  these  types  of  energy  are  quantized;  that  is, 
they  exist  only  in  discrete  amounts  at  separated  intervals.  The  amount 
of  energy  involved  in  rotational  changes  alone  is  small,  so  that  the 
separation  between  corresponding  levels  is  small.  For  vibrational 
changes  the  amount  of  energy  involved  is  somewhat  larger,  and  for 
electronic  states  it  is  still  larger.  Such  energy  states  are  schematically 
illustrated  in  the  diagram  of  Fig.  9-6. 
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Fig.  9-6  Schematic  diagram  of  (a)  electronic  energy  states  of  molecules,  [b)  vibra¬ 
tional  energy  states  superimposed  upon  electronic  states,  and  (c)  rotational  energy 
states  superimposed  upon  electronic  and  vibrational  states.  Vertical  lines  indicate 
a  few  of  the  possible  energy- state  transitions  (Wheland,  1944,  p.  145). 


If  at  a  particular  instant  a  molecule  is  in  a  lower  energy  state,  and 
absorbs  energy,  it  will  be  elevated  to  a  higher  state.  The  transitions 
possible  are  limited  to  those  between  levels  of  the  type  shown  in 

Fig.  9*6.  ....  ,  , 

The  frequency  of  the  light  absorbed  in  any  transition  is  given  by  the 

Bohr  condition: 

E%  —  Ei  =  hv  (9-1^) 

where  Ex  is  the  energy  of  the  lower  level,  E2  that  of  the  higher  level,  h 
is  Planck’s  constant,  and  v  is  the  frequency  of  the  absorbed  radiation. 
The  frequencies  of  the  absorbed  radiations  are  therefore  also  limited 

330 


by  the  number  and  types  of  transitions  which  possible  to  the  par- 
tir  iilar  molecule.  If  these  transitions  were  possible  only  between  sue 
ecssive  electronic  states,  the  absorption  spectra  would  consist  of  sharp, 
narrow  lines.  Due  to  the  vibrational  and  rotational  energies,  10''^v^r’ 
the  number  of  possible  energy  transitions  is  greatly  increased,  all  by 
small  amounts  near  the  electronic-state  transrtrons.  Because  of  the 
close  spacing  of  these  energy-level  transitions  there  is  also  a  air  >  wi  , 
but  closely  spaced,  band  of  frequencies  which  can  be  absorbed, 
eases  and  for  liquids  and  solids  at  very  low  temperatures,  the  absorp¬ 
tion  bands  are  usually  narrow  enough  to  be  separated.  At  temperatures 
more  nearly  normal,  these  bands  for  liquids  and  solids  are  so  broad  as 
to  merge  into  each  other,  giving  a  continuous  region  of  absorption. 

A  substance  will  appear  colored  only  if  it  has  selective  absorption  in 
the  visible  region  of  the  spectrum.  In  the  case  of  benzene,  for  example, 
absorption  takes  place,  but  the  energy  levels  involved  are  so  widely  sep¬ 
arated  that  the  absorption  is  entirely  in  the  ultraviolet.  The  organic 
dyes,  on  the  other  hand,  have  much  more  complex  structures  with  ex¬ 
tended  conjugated  systems.  As  a  consequence,  the  possibilities  of  res¬ 
onance  are  greatly  increased  and  absorption  occurs  in  the  longer  wave¬ 
length,  visible  region  of  the  spectrum.  Despite  the  fact  that  strict 
quantum  mechanical  calculations  cannot  as  yet  be  applied  to  any  but 
the  simplest  molecules,  the  concept  of  resonance  has  provided  a  useful 
basis  for  the  qualitative  interpretation  of  the  absorption  behavior  of 
dyes. 

In  the  various  classes  of  dyes  considered  in  terms  of  their  resonance 
structures  as  shown  in  Fig.  9- 1,  two  general  groups  can  be  distinguished: 
(1)  ionic  dyes  in  which  the  main  resonance  structures  differ  one  from 
the  other  in  the  position  of  the  ionic  charge  (e.g.,  ketimine  and  tri- 
phenylmethane  dyes)  and  (2)  nonionic  or  neutral  dyes,  in  which  one 
or  more  of  the  main  resonating  structures  is  dipolar  in  nature,  possess¬ 
ing  both  a  positive  and  negative  charge  (e.g.,  azo  and  indoaniline  dyes). 
Illustrating  the  ionic  type  of  dyes,  Fig.  9-7  shows  the  main  resonance 
structures  of  three  typical  cyanine  dyes,  dyes  which  are  of  particular 
interest  because  of  their  use  as  photographic  sensitizers.  Each  of  the 
symmetrical  dyes  A  and  C  (Fig.  9-7)  has  extreme  resonance  structures 
which  are  identical.  For  these  types  of  dyes  the  wavelength  of  maxi¬ 
mum  absorption  has  been  found  to  increase  by  nearly  a  constant 
amount  for  each  additional  — CH=CH —  group  in  the  conjugated 
chain.  The  unsymmetrical  dye  B,  on  the  other  hand,  has  extreme  res¬ 
onance  structures  which  are  not  identical,  and  may  be  regarded  as  a 
structural  cross  between  the  two  symmetrical  dyes  A  and  C.  The  ab¬ 
sorption  characteristics  of  unsymmetrical  dyes  of  this  type  are  deter- 
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Figure  9-7 
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Fig.  9-7  Extreme  resonance  structures  for  three  typical  cyanine  dyes.  A  and  C  are 
symmetrical  dyes  whose  extreme  resonance  structures  are  identical  in  each  case.  B  is 
an  unsymmetrical  dye  with  different  extreme  structures. 
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mined  by  the  difference  in  stability  of  the  resonating  structures  which 
in  turn  has  been  related  to  the  difference  m  basicity  of  the  two  end 
heterocyclic  groups  of  the  dye  molecule.  When  the  end  groups  differ 
appreciably,  the  absorption  of  the  dye  occurs  at  a  wavelength  shorter 
than  the  mean  of  the  absorption  maxima  of  the  two  related  symmetrical 
dves  A  and  C.  Furthermore,  the  shift  in  absorption  maximum  wit 
increasing  values  of  n  is  not  a  constant  value,  but  tends  to  decrease  as 
n  becomes  larger.  These  generalizations  have  been  extended  to  corre¬ 
late  the  absorption  behavior  of  a  large  number  of  cyanine  and  related 
dyes  (Brooker  and  others,  1940,  1941,  1942,  1945a,  b). 

Related  but  somewhat  different  considerations  apply  to  the  interpre¬ 
tation  of  the  absorption  of  the  nonionic  dyes  in  terms  of  the  resonance 
theory.  Of  special  interest  in  connection  with  color  photography  are 
the  nonionic  indoaniline  and  azomethine  dyes  which  are  deposited  dur¬ 
ing  color  development  to  form  the  dye  images  of  several  widely  used 
color  processes.  As  noted  above,  one  or  more  of  the  main  resonance 
structures  in  a  nonionic  dye  is  dipolar  in  nature,  as  shown  in  the  res¬ 
onance  systems  for  some  Phenol  Blue  derivatives  shown  in  Fig.  9-8. 
The  dipolar  resonance  structure  lb  is,  in  general,  inherently  less  stable 
than  the  uncharged  structure  1  a  and  hence  the  resonance  hybrid  is 
more  closely  related  to  the  latter.  However,  the  stability  of  the  dipolar 
structure  is  dependent  upon  the  nature  of  the  solvent,  being  increased 
by  the  more  polar  solvents.  Consequently,  in  the  more  polar  solvents 
the  stability  of  1  a  and  lb  are  more  nearly  equal,  resonance  between 
them  is  facilitated,  and  the  maximum  absorption  of  the  dye  moves  to 
longer  wavelengths.  Thus,  Phenol  Blue  (X  =  H)  displays  Amax  values 
of  552  m/x  in  cyclohexane  and  610  m/t  in  methanol. 

In  a  similar  manner,  the  influence  of  a  substituent  group  X  on  the 
absorption  is  explained  in  terms  of  its  effect  on  the  relative  stabilities  of 
lu  and  lb.  If  the  group  is  one  which  tends  to  attract  electrons,  such 
as  a  chlorine  or  bromine  atom,  the  stability  of  the  dipolar  structure  is 
increased,  resonance  is  facilitated  and  absorption  occurs  at  longer  wave¬ 
lengths.  Conversely,  if  the  group  X  is  electron-releasing,  such  as  — CH3 
or  — OCH3,  the  dipolar  structure  lb  is  made  relatively  less  stable  than 
the  uncharged  structure  lc/  and  the  absorption  maximum  is  shifted  to 
shorter  wavelengths.  These  effects  of  substituents  on  the  absorptions 
of  Phenol  Blue  dyes  are  illustrated  by  the  values  of  Ainax  shown  in 
Fig.  9-8. 

The  geometrical  anangement  of  the  dye  molecule  is  an  important 
factor  in  determining  its  absorption  characteristics.  For  example,  in 
order  for  resonance  interaction  to  be  possible  between  the  two  end 
groups,  (CH3)2N—  and  =0,  of  the  Phenol  Blue  molecule,  all  the  atoms 
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Figure  9-8 
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Fig.  9-8  The  effects  of  polarity  of  solvent  and  substituent  groups  on  the  absorption 
maxima  of  indoaniline  dyes  of  the  Phenol  Blue  type  (Vittum  and  Brown,  1946, 
p.  2235). 

in  the  conjugated  chain  must  lie  in  the  same  plane.  If  substituents 
are  introduced  into  the  dye  molecule  in  such  a  way  that  the  planarity 
is  hindered,  the  absorption  is  profoundly  influenced.  The  indoaniline 
dye: 

CH3 

(ch3)2n-<^  Vn-<CZ>° 

I 

ch3 

illustrates  this  point  (Vittum  and  Brown,  1947,  pp.  152-155).  The  in¬ 
troduction  of  the  two  — CH3  groups  into  the  oxygen-containing  ring  of 
Phenol  Blue  causes  an  increase  in  Amax  instead  of  the  decrease  which 
would  be  expected  from  the  known  electron-releasing  tendency  of  the 
—CH3  group.  In  addition,  the  interference  with  planarity  in  the  dye 
molecule  results  in  a  marked  decrease  in  the  intensity  of  absorption,  and 

in  a  lowering  of  the  chemical  stability  of  the  dye. 

The  azomethine  dyes  bear  a  close  structural  resemblance  to  the  indo- 
anilines,  and  the  same  general  resonance  effects  are  observed.  Here, 
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however,  the  resonance  systems  are  made  more  complicated  by  the  pres¬ 
ence,  in  one  end  of  the  dye  molecule,  of  two  electron-attracting  centers. 
A  typical  azomethine,  derived  from  a  pyrazolone,  is  shown  in  Fig.  9  9. 

Figure  9-9 
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1'iG.  9-9  Sonic  important  resonance  structures  of  a  typical  pyrazolone  azomethine 
dye. 


I  he  p\razolonc  ring  contains  two  electron-attracting  centers:  the  oxygen 
atom  attached  to  the  carbon  atom  in  the  5-position  and  the  nitrogen 
atom  in  the  2-position.  As  a  consequence,  more  than  two  structures 
make  major  contributions  to  the  resonance  hybrid.  The  relationships 
and  interaction  of  these  resonating  structures  have  been  used  to  pro- 

V.e  *  ratl0nal  explanation  for  the  absorption  characteristics  of  these 
dyes  (Brown,  Graham,  Vittum,  and  Weissberger,  1951). 
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fluorescence  and  phosphorescence 

So  far,  attention  has  been  given  only  to  energy  absorption;  this  moves 
the  molecule  from  a  lower  energy  state  to  a  higher  one.  Once  in  the 
higher  state,  the  molecule  will,  in  general,  remain  there  for  only  a  very 
shoit  period  of  time  and  then,  by  giving  off  energy,  return  to  the  lower 
energy  state.  The  return  may  be  made  by  means  of  any  of  a  number 
of  different  energy-level  transitions.  There  may  be  an  immediate,  direct 
return  to  the  original  level,  in  which  case  the  same  frequency  of  radia¬ 
tion  is  emitted  as  was  previously  absorbed.  This  is  called  resonance 
emission  and  is  observed  in  atomic  sodium  vapor  and  in  a  number  of 
other  atomic  gases.  In  molecules  of  two  or  more  atoms,  particularly  if 
they  are  dispersed  in  a  solvent,  resonance  emission  seldom  takes  place, 
hor  most  substances  the  loss  in  energy  is  sustained  through  a  series  of 
small  energy  changes  due  to  collisions  with  other  molecules,  or  radiant 
emissions  in  the  infrared  (heat).  If  the  return  to  the  lower  or  ground 
state  is  fairly  rapid  and  if  it  involves  radiation  in  the  visible  or  shorter 
wavelength  spectral  regions,  the  substance  is  fluorescent.  If  a  similar 
emission  takes  place,  but  after  a  time  delay,  the  substance  is  phospho¬ 
rescent. 

At  ordinary  temperatures  most  of  the  molecules  are  at  an  essentially 
zero  point  of  vibrational  energy  as  well  as  being  in  the  lowest  electronic 
state.  When  energy  is  absorbed  they  go  to  a  higher  electronic  state 
but  not  necessarily  to  the  zero  point  of  vibrational  energy  for  this  state. 
This  vibrational  energy  is  very  quickly  lost,  usually  in  the  form  of  col¬ 
lisions  with  other  molecules  of  the  medium.  In  the  ordinary  types  of 
nonfluorescent,  nonphosphorescent  substances  the  transition  to  the 
lower  electronic  state  is  bridged  by  going  from  a  low  vibrational  energy 
level  in  the  excited  state  to  a  high  vibrational  energy  in  the  ground  state. 
The  result  is  a  complete  return  without  emission  of  visible  radiation. 

In  some  substances,  however,  once  the  molecule  has  arrived  at  the 
zero  vibrational  energy  level  of  the  excited  state,  the  energy  level  in 
the  ground  state  to  which  it  drops  is  so  much  lower  that  there  is  visible 
radiation.  This  is  true  of  all  fluorescent  substances.  Because  of  the 
initial  loss  of  vibrational  energy  before  the  transition  involving  radia¬ 
tion,  the  frequency  of  emitted  radiation  is  lower  than  that  of  the  ab¬ 
sorbed  radiation,  and  also  very  nearly  independent  of  it.  If  the  mole¬ 
cule  in  the  ground  state  happens  to  have  a  relatively  high  vibrational 
energy  when  its  absorption  puts  it  into  the  excited  state,  the  frequency 
of  emitted  radiation  may  be  of  slightly  higher  frequency  than  that  of 
the  absorbed  radiation.  On  these  bases  it  is  possible  to  account  for 

336 


most  of  Hie  observations  relating  to  fluorescence,  including  the  applica- 

tions  of  Stokes'  law  and  the  exceptions  to  it. 

In  phosphorescence,  the  molecule  in  the  excited  state  loses  vibra¬ 
tional  energy  until  it  reaches  a  semistable  level  from  which  a  direct 
change  to  a  still  lower  level  does  not  take  place  readily.  It  ordinarily 
leaves  this  level  by  first  absorbing  energy  from  the  outside,  usually  from 
molecular  collisions,  going  to  a  slightly  higher  level  from  which  radiant 
energy  is  emitted,  and  thus  returning  to  the  ground  state.  The  length 
of  time  it  remains  in  the  semistable  level  determines  the  time  lag  be¬ 
tween  absorption  and  emission. 


Spectral  Transmission  Characteristics  of  Colorants 

The  spectral  transmittance,  Tx,  of  any  medium  irradiated  with  energy 
of  wavelength  A  is  defined,  in  accordance  with  equation  5 -5a,  as: 

Tx  =  Pt/Po  (9-2) 

where  Pt  is  radiant  flux  reaching  the  light-sensitive  surface  of  the  re¬ 
ceiver  with  the  sample  in  the  light  beam  path,  and  P o  is  the  radiant 
flux  reaching  the  receiver  without  the  sample  in  the  light  beam  path. 
Both  P0  and  P,  should  include  light  only  in  the  wavelength  vicinity  of 
A.  In  measuring  fluorescent  or  phosphorescent  materials  this  purity 
of  the  transmitted  beam  is  not  easily  achieved.  Most  transmittance 
and  density  measuring  instruments  have  no  means  of  separating  out  the 
wavelength  components  of  a  beam  of  light,  once  it  has  left  the  sample. 
If  the  relative  intensity  of  the  fluorescence  or  phosphorescence  is  low, 
as  it  usually  is,  no  serious  error  is  introduced.  For  some  materials  with 
marked  fluorescence,  special  instruments  or  methods  of  measurement 
must  be  used. 


ABSORPTION 

The  general  equation  which  relates  the  radiant  fluxes  of  the  inci¬ 
dent  and  transmitted  beams  to  each  other  is  known  as  Beer’s  law  (Beer, 
1852)  and  is  given  by: 

Pt  =  P  0-  10-dce  (9-3  a) 

where  d  is  the  distance,  usually  measured  in  centimeters,  of  the  beam 
path  through  the  medium,  c  is  the  concentration  of  the  absorbing 
medium,  and  e  is  the  extinction  coefficient.  For  any  given  medium  c 
will  vary  for  different  wavelengths;  the  greater  the  absorption,  the  larger 
is  its  value.  If  the  concentration  c  is  measured  in  grams  per  .liter,  t  is 
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usually  referred  to  as  the  specific  extinction  coefficient,  but,  if  c  is 
measured  in  moles  per  liter,  e  is  the  molecular  or  molar  extinction  co¬ 
efficient 

Combining  equations  9*2  and  9*3 a,  Tx  is  given  by 


Tx  =  10~dc€ 

The  optical  density  of  the  medium  at  wavelength  A  is  given  by 

Dx  =  log  1/Tx  =  -  log  Tx 
Therefore,  from  equation  9-3 b, 

Dx  =  dee 


(9-3  b) 


(9-3  c) 


(9-3  d) 


Equation  9*3 a  states  an  empirical  relationship  involving  three  dif¬ 
ferent  discoveries  or  laws.  Historically,  the  first  of  these  was  given  by 
Bouguer  (1729)  and  relates  to  the  proportionality  between  absorption 
and  distance  through  the  dye  through  which  the  light  passes.  The  same 
law  was  later  given  by  Lambert  and  stated  in  the  following  way:  If  the 
thickness  of  an  absorbing  medium  increases  in  arithmetic  progression, 
the  light  transmitted  decreases  in  geometrical  proportion  (Lambert, 
1760).  Lambert  also  stated  another  law  incorporated  into  equation 
9  •  3 a,  which  is  that  the  ratio  between  the  intensities  of  the  incident  and 
emergent  beams  is  independent  of  the  intensity  of  the  incident  beam. 

The  third  law  involved  in  equation  9-3 a  may  be  stated  as:  The  ab¬ 
sorption  of  a  medium  for  any  wavelength  of  radiant  energy  is  propor¬ 
tional  to  the  concentration  of  the  absorbing  material  present  in  that 
medium.  The  concentration  aspect  of  the  general  law  was  first  de¬ 
scribed  by  Beer  and  is  sometimes  referred  to  as  Beer’s  law. 

TW  Wpver  stated  his  law  in  the  more  general  form,  as  given  by 
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Fig.  9-11  Dye  densities  at  various  wavelengths  as  functions  of  concentration:  (a) 
Toluidine  Blue,  (b)  Heliotrope  2B,  and  (c)  Metanil  Yellow. 
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holds  wherever  these  plots 

slopes  of  these  lines  correspond  to  differences 

tion  coefficients  at  different  wave  en  's,  j  many  dyes  do  not 

«-&«»-  ■*= — 

’IppSe^ont  fromBeer's  law  may  also  occur  due  to  inhomo- 
geneities  in  the  solution  or  due  to  the  presence  of  scattering  materials 
However  Beer’s  law  is  so  generally  followed  by  homogeneous  solutions 
of  dyes  at  low  concentration  that  in  cases  where  deviations  are  observed 
the  purity  of  the  dye  is  suspected. 


the  log  d  law 

In  many  instances  it  is  necessary  to  study  the  spectral  characteristics  of 
a  series  of  amounts  of  a  given  colorant  without  actually  measuring  the 


Fig.  9-12  Logarithm  of  density  as  a  function  of  wavelength  for  four  different 
concentrations  of  a  dye  solution  (Heliotrope  2B). 

concentration.  In  cases  where  Beer’s  law  is  followed  a  solution  of  a  given 
dye  having  twice  the  concentration  of  a  first  solution  will  have  twice 
the  density  at  each  wavelength.  If,  without  knowledge  of  concentra¬ 
tion,  it  is  found  that  a  solution  which  has  twice  the  density  at  or  near 
its  wavelength  of  maximum  absorption  also  has  twice  the  density  at  all 
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wavelengths,  the  solution  is  said  to  follow  the  Log  D  law.  This  title  is 
derived  from  the  fact  that,  if  the  logarithms  of  the  densities  of  two  or 
more  such  solutions  of  differing,  though  perhaps  unknown,  concentra¬ 
tions  are  plotted  against  wavelength,  the  curves  will  be  parallel.  This 
is  shown  in  Fig.  9T2. 

Although  the  Log  D  law  is  necessarily  applicable  whenever  Beer’s  law 
holds,  the  converse  is  not  true.  Statements  are  frequently  made  that 
measurements  show  that  a  given  dye  or  colorant  series  adheres  to  or 
does  not  adhere  to  Beer’s  law  when  density  measurements  have  been 
compared  but  no  measurements  of  concentration  have  been  made.  This 
is  a  mistaken  use  of  the  term  Beer’s  law.  The  term  Log  D  law  should 
be  applied  in  such  situations. 

SCATTERING 

Any  solution  containing  particles  which  differ  in  refractive  index 
from  their  surroundings  scatters  the  light  which  traverses  it.  The 
amount  of  light  scattered  out  of  any  monochromatic  beam  at  any  point 
in  the  medium  will  be  proportional  to  the  light  intensity  at  that  point. 
A  scattering  coefficient,  es,  which  is  analogous  to  the  extinction  coeffi¬ 
cient  given  in  equation  9  •  3 a,  can  therefore  be  associated  with  the  phe¬ 
nomenon.  The  total  loss  of  light  from  the  beam  can  be  described  in 
terms  of  an  attenuation  coefficient,  e,  which  is  the  sum  of  the  absorption 
coefficient,  c,  and  the  scattering  coefficient.  Thus  e  in  equations  9-3 a, 
9-  3b,  and  9-3 d  would  be  given  by 

€  =  Co  +  es  (9#4) 

The  numerical  value  of  the  scattering  coefficient,  es,  will  depend  upon 
a  number  of  different  factors  including  the  sizes  and  shapes  of  the  par¬ 
ticles,  their  number,  the  difference  in  their  refractive  index  from  that 
of  the  medium,  and  the  wavelength  of  the  light.  The  theory  of  scatter¬ 
ing  due  to  particles  which  are  small,  having  diameters  of  about  kio  or 
less  of  the  wavelength  of  the  light,  was  first  developed  in  1871  by  Ray¬ 
leigh  (1899).  He  showed  that  for  such  particles  the  intensity  of  scat¬ 
tered  light  is  proportional  to  the  inverse  of  the  fourth  power  of  the 
wavelength.  This  type  of  scattering  is  characteristic  of  the  atmosphere 
and  is  the  reason  why  blue  light  is  scattered  much  more  in  sunlight  than 

are  the  colors  of  longer  wavelength. 

In  photographic  images,  including  both  those  of  silver  and  those  of 
dyes  or  pigments,  the  particles  have  diameters  which  usually  range  from 
slightly  smaller  to  somewhat  larger  than  the  wavelength  of  visible  light. 
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Consequently,  the  scattering  does  not  conform  to  ^ylei§  s  ^ 

theory  for  scattering  due  to  such  part.cles  which  are  spherical  in  s  ap 
has  been  developed  by  Mie  (1908).  Attempts  have  been  made  to  ex¬ 
tend  Mie’s  theory  to  particles  of  other  shapes,  but  they  have  been  sue- 
cessful  only  in  special  cases.  It  is  known,  however,  that,  if  all  the  par 
tides  in  the  medium  are  of  about  the  same  size,  the  observed  scattering 
will  be  quite  selective  with  respect  to  wavelength.  For  example,  if  t  le 
relative  index  of  refraction  is  high,  scattering  of  the  green  light  may  pre¬ 
dominate  over  that  of  the  red  and  blue  light  (Clewell,  1941).  In  gen¬ 
eral,  the  scattering  will  be  less  selective  with  respect  to  wavelength  if 
the  particles  are  not  of  uniform  sizes.  It  is  also  known  that  for  small 
particles  the  scattering  per  particle,  for  a  given  weight  of  material,  will 
increase  greatly  with  radius.  For  larger  particles  the  scattering  of  the 
system  will  actually  decrease  with  increasing  radius  of  the  particle  (Oster, 


1948). 

Equation  9-4  applies  only  to  what  is  called  primary  scattering  and,  in 
general,  can  be  applied  only  to  media  in  which  scattering  particles  are 
few  or  in  which  the  scattering  coefficient  is  small  compared  to  the  ab¬ 
sorption  coefficient.  Under  other  conditions  account  must  be  taken  of 
what  is  called  secondary  scattering.  This  term  applies  to  the  re-scatter¬ 
ing  of  the  light  derived  from  the  primary  beam,  a  portion  of  which  is 
directed  back  into  the  primary  beam.  Under  such  conditions  the  at¬ 
tenuation  coefficient  cannot  be  considered  as  a  constant,  and  thus  a 
more  complicated  expression  than  that  given  by  equation  9*3 d  must  be 
used  to  describe  the  loss  of  light  through  a  turbid  medium. 


COLORIMETRIC  PROPERTIES  BY  TRANSMITTED 
LIGHT 

The  colorimetric  properties  of  colorants  can  be  determined  from  their 
spectrophotometric  properties  by  mathematical  procedures  making  use 
of  the  assumed  characteristics  of  the  CIE  standard  observer.  These 
characteristics,  in  terms  of  color  mixture  and  luminosity  data,  are  avail¬ 
able  in  tabulated  numerical  form.  (Tables  given  by  Committee  on 
Colorimetry,  1944c,  pp.  643-663;  Hardy,  1936,  pp.  35-54;  Wright  1944 
pp.  209-215.) 

Spectrophotometry,  as  has  been  discussed,  is  essentially  analytical. 
Interest  is  directed  not  toward  the  effect  of  the  absorbing  medium  on 
the  beam  of  light  as  a  whole,  but  rather  toward  the  effects  on  its  spectral 
components.  In  colorimetry,  it  is  the  effect  on  the  light  beam  as  a 
whole  which  is  important. 
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Light  sources  and  receptors  are  made  use  of  in  both  spectrophotom¬ 
etry  and  colorimetry.  For  reasons  already  discussed,  the  results  obtained 
in  spectrophotometry  are  independent  of  the  relative  spectral  distribu¬ 
tions  of  either  the  energy  from  the  light  source  or  the  sensitivity  of  the 
receptor  (in  the  absence  of  fluorescence).  In  any  integrative  process, 
however,  where  the  combined  effect  of  two  or  more  radiations  of  dif- 


Fig.  9*13  Transmittance  distributions  of  solutions  of  the  dye  Toluidine  Blue  at 
various  concentrations. 


ferent  wavelengths  is  to  be  determined,  the  exact  nature  of  each  of 
these  distributions  is  of  importance.  A  change  in  either  will  affect  the 
result.  Also,  even  if  both  remain  fixed,  Beer's  law,  in  general,  cannot  be 
applied  in  any  simple  way  to  mixtures  of  radiations,  even  though  it  ap¬ 
plies  strictly  at  each  component  wavelength. 

In  colorimetry  the  sensitivities  of  the  assumed  receptors  of  the  stand¬ 
ard  observer  are  given  in  terms  of  distribution  coefficients.  The  light 
source  must  be  independently  specified.  In  the  discussion  to  follow  the 
CIE  Illuminant  C  is  assumed  throughout. 

T  he  transmittance  distributions  for  the  dye  Toluidine  Blue  at  various 
concentrations  are  shown  in  Fig.  9T3.  The  tristimulus  values,  X,  Y, 
and  Z,  of  the  light  transmitted  by  a  material  when  illuminated  with 
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CIE  Illuminant  C  are  given  by  (Commijfee  on  Colorimetry,  1944c,  p. 


where  x,y,  and  z  are  the  distribution  coefficients  (tristimulus  values  of 
unit  amounts  of  radiation),  T  is  the  transmittance  distribution  (as  a 
function  of  wavelength  A)  of  the  dye,  and  P  is  the  relative  energy  dis¬ 
tribution  of  the  illuminant.  From  tabulated  values  of  x,  y,  z,  and  P 
these  integrations  may  be  approximated  by  summations  of  the  indicated 
products  at  regular  intervals  throughout  the  wavelength  range  of  the 
visible  region  of  the  spectrum.  Such  integration  for  the  dye  Toluidine 
Blue  at  the  highest  concentration  shown  in  Fig.  9*13,  with  the  wave¬ 
length  interval  taken  as  10  m/x  from  400  m/x  to  700  m/x,  leads  to  the 
values:  X  =  0.3061,  Y  =  0.3675,  and  Z  =  0.9530. 

The  trichromatic  coefficients,  x  and  y,  are  given  by 

x  =  X/(X+Y+Z )  y  =  Y/(X+Y  +  Z)  (9- 5b) 

These  coefficients  give  the  chromaticity  of  the  sample.  The  tristimulus 
value  Y  is  the  luminous  transmittance.  For  the  example  given  above, 
these  values  are:  x  =  0.1882,  y  =  0.2259,  and  Y  =  0.3675. 

In  Fig.  9-14  the  chrqjnaticities  of  eight  of  the  dyes  illustrated  in 
Fig.  9  TO  are  plotted.  In  the  upper  right-hand  corner  of  the  figure  the 
luminous  densities  (—  log  Y)  are  shown. 

All  the  chromaticity  plots  of  Fig.  9T4  show  increases  in  excitation 
purity  with  increases  in  concentration  of  the  dye  solutions.  The  central 
point  is  that  of  the  illuminant  and  corresponds  to  zero  concentration 
for  each  of  the  dyes.  The  lines  radiating  from  this  point  are,  in  most 
cases,  curved.  Most  of  them  have  such  slight  curvatures  that  the  change 
in  their  dominant  wavelengths  for  the  concentrations  given  is  less  than 
5  m/x.  For  (d)  and  (e),  however,  which  represent  the  dyes  Alizarine  Ru- 
binol  R  and  Heliotrope  2B,  the  curvatures  are  somewhat  greater.  The 
dominant-wavelength  (complement)  changes  for  Heliotrope  2B  are 
from  about  540  m^x  to  about  510  m/x  as  its  concentration  increases  from 
1  X  10~ 5  to  4  X  10~ 5  gram  per  cubic  centimeter. 

When  density  at  a  given  wavelength  is  plotted  as  a  function  of  con¬ 
centration,  straight  lines  are  obtained  as  was  shown  in  Fig.  9*11.  When 
luminous  density,  measured  with  respect  to  an  illuminant  radiating 
energy  throughout  the  spectrum,  is  plotted  against  concentration,  curved 
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lines  which  are  concave  downward  are  obtained.  The  rate  of  increase 
of  density  with  increasing  concentration  becomes  smaller  at  higher  con¬ 
centrations.  The  reasons  for  this  become  evident  if  the  spectrophoto- 


metric  density  curves  of  Fig.  9-10  are  studied.  At  lower  concentrations 
any  increase  of  concentration  gives  rapid  increases  in  absorption  in  the 
spectra]  region  of  maximum  density.  Even  when  these  densities  are 
high  however,  large  amounts  of  light  are  being  transmitted  in  the  re¬ 
gions  of  lower  density.  As  the  rate  of  increase  in  absorption  is  low  in 
these  regions,  the  rate  of  increase  in  density  is  lower  at  high  concen- 
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trations  where  these  regions  become  of  greater  relative  importance  in 
controlling  the  amount  of  transmitted  light.  . 

Similar  considerations  can  be  used  to  account  in  a  qualitative  way 
for  the  curvatures  of  the  chromaticity  plots.  At  low  concentrations  the 
spectral  regions  of  maximum  absorption  are  most  effective  in  producing 
changes  in  the  color  of  a  solution.  At  high  concentrations  the  spectra 
region  which  most  greatly  affects  chromaticity  is  that  of  the  lowest 
density.  In  the  remaining  spectral  regions  there  may  be  some  which 
have  higher  densities  than  others,  but  these  differences  are  of  less  nn- 
portance  than  the  fact  that  in  some  one  region  there  is  much  lower 
density  than  in  any  of  the  others.  For  a  dye  such  as  Tartrazme  (dye  // 
in  Figs.  9-10  and  9-14)  there  is  little  change  of  dominant  wavelength 
with  increasing  concentration  because  absorption  is  confined  essentially 
to  one  spectral  region. 

The  dye  Heliotrope  2B  (dye  e  in  Figs.  9-10  and  9-14)  first  begins  to 
show  absorption  in  the  green  at  low  concentrations.  It  transmits, 
therefore,  more  red  and  blue  than  green,  and  with  Illuminant  C  it  ap¬ 
pears  purple.  At  these  low  concentrations  the  differences  in  absorption 
between  the  red  and  blue  are  of  slight  consequence.  At  higher  concen¬ 
trations  most  of  the  green  light  has  already  been  removed,  and  the  blue 
light  is  absorbed  to  a  greater  degree  than  the  red  light.  The  color  there¬ 
fore  becomes  more  reddish,  as  indicated  by  its  chromaticity  plot.  At 
exceedingly  high  concentrations  the  solution  would  become  deep  red, 
although  its  density  would  be  so  great  that  in  normal  illumination  it 
would  appear  black  rather  than  red. 

In  Fig.  9-15  is  shown  the  plot  of  the  chromaticity  of  the  dye  Sulphon 
Black  as  its  concentration  is  increased.  A  dye  which  shows  such  marked 
curvature  in  its  chromaticity  locus  is  called  dichroic.  At  low  concen¬ 
trations  it  is  yellowish  green.  At  higher  concentrations  it  becomes  in¬ 
creasingly  yellow,  then  orange,  and  finally  a  deep  red.  Its  density,  as 
shown  by  the  insert,  also  increases  with  this  increase  in  concentration, 
but  even  at  the  highest  concentration  shown  its  density  is  only  3.0.  By 
holding  a  sample  of  the  dye  solution  close  to  the  eye  and  in  front  of 
a  reasonably  bright  light  source,  its  color  would  be  clearly  evident. 

This  dye,  and  all  the  others  so  far  illustrated,  follow  Beer’s  law  well 
within  the  limits  of  precision  of  the  instruments  used  in  making  the 
measurements.  “Dichroism”  is  therefore  not  a  matter  of  failure  of 
Beer’s  law.  It  should  also  be  emphasized  that  almost  all  dyes,  if  not  all 
of  them,  gi\  c  slight  changes  in  dominant  wavelength  with  increasing 
concentration,  and  to  this  extent  are  “dichroic.”  Many  of  the  dyes 
whose  chromaticities  were  plotted  in  Fig.  9-14  would  have  shown 
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Fig  9*15  Chromaticity  and  luminous  density  as  functions  of  concentration  for  the 
dichroic  dye  Sulphon  Black  A.  Points  along  loci  in  order  away  from  the  illuminant 
point  correspond  to  concentrations  (g/ccX  10~4)  of  0.7,  1.7,  2.0,  2.5,  3.3,  and  5.  . 


marked  curvatures  if  the  curves  had  been  extended  to  high  enough  con¬ 
centrations.  The  difference  between  dichroic  dyes  and  nondichroic  dvcs 
is  therefore  relative,  some  dyes  showing  the  effects  more  markedly  and 
at  lower  densities  than  do  others. 


COLORIMETRIC  PROPERTIES 
SUBSTANCES 


OF  FLUORESCENT 


The  discussion  of  colorimetric  properties  so  far  has  dealt  only  with 
substances  which  are  nonfluorescent.  Fluorescence  complicates  the  si  u- 
ation  considerably.  The  energy  radiated  from  a  fluorescen  compound 
at  any  wavelength  does  not  necessarily  originate  from  incident  light  o 
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i  *-i  A  fluorescent  dve  may,  therefore,  have  greater 
the  same  wavelength.  A  fluorescent  aye  *  wayel  th  the 

“  rzz  « ««.„  >h« — 


Not'a  greTt  deal  of  quantitative  information  is  available  concerning 
the  colorimetric  properties  of  fluorescent  materials,  owing  to  the  dl 
Acuity  of  obtaining  the  necessary  basic  data.  One  such  type  of  datu 
is  spectrophotometric,  or  spectroradiometric,  curves,  which  would  ac¬ 
curately  describe  the  emitted  radiation  as  a  function  of  the  mciden 
radiation  for  various  thicknesses  of  solution  and  concentrations  of  the 
fluorescent  compound.  As  already  indicated,  such  specifications  invo  ve 
a  number  of  variables,  changes  in  any  of  which  may  alter  these  specifica¬ 
tions  to  a  marked  extent.  Even  for  a  particular  case,  however,  such 
information  is  difficult  to  obtain.  All  existing  spectrophotometers  oper¬ 
ate  on  one  of  two  bases:  monochromatic  light  is  made  incident  on  the 
sample  and  the  total  amount  of  transmitted  energy  is  measured,  or  a 
light  beam  having  energy  at  all  visible  wavelengths  is  made  incident  on 
the  sample  and  the  transmitted  light  is  separated  into  its  wavelength 
components  for  measurement.  The  first  of  these  arrangements  is  gen¬ 
erally  used,  but  in  no  instrument  that  is  easily  workable  is  monochro¬ 
matic  light  used  as  a  source  of  radiation,  and  the  transmitted  light 
measured  monochromatically.  1  his  means  that  any  complete  spectro- 
photometric  data  on  fluorescent  dyes  can  be  obtained  only  by  means  of 
specialized  equipment,  or  by  indirect  means  which  give  incomplete  in¬ 


formation  concerning  the  dye. 

For  example,  curve  (a)  of  Fig.  9T6  shows  the  measured  spectral 
density  curve  of  a  magenta  dye  which  emits  fluorescent  red  light.  This 
measurement  was  made  with  the  sample  placed  at  1%  in.  from  the 
integrating  sphere  of  the  spectrophotometer.  With  the  sample  placed 
close  to  the  sphere,  curve  ( b )  was  obtained.  The  difference  is  due  to 
the  increased  collection  by  the  integrating  sphere  of  the  fluorescent  com¬ 
ponent.  Although  the  fluorescent  component  is  red,  it  is  registered  as 
green,  causing  an  indicated  decrease  in  density  (increase  in  transmis¬ 
sion)  in  the  green  region  of  the  spectrum.  The  true  distribution  of 
energy  from  the  sample  is  not  properly  indicated  by  the  spectrophoto¬ 
metric  curve. 

Although  fluorescence  is  difficult  to  study,  it  is  of  importance  because 
of  the  frequency  with  which  it  is  encountered.  One  indication  of  this 
frequency  is  in  the  findings  of  Reimann,  Judd,  and  Keegan  (1946)  in 
their  investigation  of  the  standard  color  cards  of  the  Textile  Color  Card 
Association.  Of  more  than  200  standard  colors  studied,  they  found  that 
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25  percent  of  the  dyes  used  could  be  classified  as  being  strongly  fluores¬ 
cent  and  another  36  percent  as  being  weakly  fluorescent.  As  existing 
spectrophotometers  are  not  suited  to  the  evaluation  of  fluorescent 
samples,  it  was  necessary  to  make  use  of  direct  colorimetric  and  photo¬ 
metric  evaluations  in  order  to  properly  specify  their  colors.  Data  of 
the  same  nature  are  not  available  for  commercial  colorants  in  general, 


Fig  9-16  Density  distributions  of  a  fluorescent  sample  as  read  by  a  standard  spec¬ 
trophotometer  (a)  with  the  sample  at  some  distance  from  the  integrating  sphere 
and  (b)  with  the  sample  close  to  the  integrating  sphere. 

but  there  is  good  reason  to  believe  that  a  fairly  high  percentage  of  them 
are  fluorescent.  Fluorescence  is  particularly  apt  to  be  found  in  fabric 
dyes  selected  to  give  high  saturation  and  brilliance. 

In  color  photography  fluorescence  is  of  importance  primarily  because 
of  the  frequency  with'  which  it  is  encountered  in  the  subjects  photo- 
graphed.  Fluorescent  paints  are  occasionally  used  for  making  up  special 
models  or  designs  to  be  photographed  because  colors  of  unusually  hig 
saturation  and  lightness  can  thus  be  obtained.  The  dyes  and  other  col¬ 
orants  used  in  color  processes  are  sometimes  found  to  be  fluorescent, 
but  wherever  possible  such  colorants  arc  avoided. 
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maximum  luminous  transmittance 

A  dye  lias  color-rendering  properties  because  it  absorbs  certain  por¬ 
tions  and  transmits  other  portions  of  the  light  incident  upon  1  . 
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Fig.  9-17  Spectrophotometric  curves  corresponding  to  dyes  (hypothetical)  having 
the  maximum  attainable  excitation  purity  for  a  given  dominant  wavelength  and 
luminous  transmittance  (or  reflectance).  Broken  curves  illustrate  dyes  of  same 
dominant  wavelengths  (\0)  and  luminous  transmittances,  but  of  lower  purities  (Mac- 
Adam,  1935 a,  p.  250). 


total  luminance  of  the  light  issuing  from  it  must  be  less  than  that  inci¬ 
dent  upon  it.  This  means  that  its  luminous  transmittance  must  be  less 
than  unity.  Furthermore,  the  more  saturated  the  color  of  the  emerg¬ 
ing  light,  the  greater  is  the  portion  of  the  light  which  must  be  absorbed. 
For  any  dominant  wavelength,  therefore,  saturation  and  lightness  are 
inversely  related  to  each  other;  either  one  can  be  increased  only  at  the 
expense  of  the  other. 
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MacAdam  (1935cz)  demonstrated  that,  for  a  material  having  a  speci¬ 
fied  dominant  wavelength  and  luminous  transmittance  (or  reflectance), 
the  maximum  attainable  excitation  purity  has  a  spectrophotometric 
curve  which  is  everywhere  either  zero  or  unity  and  has  at  most  two 


Fig.  9-18  Loci  of  maximum  possible  excitation  purities  for  given  luminous  trans- 
mittances  of  dyes  with  CIE  Illuminant  C  (MacAdam,  1935b,  p.  6 5 ) . 


transitions  between  these  values  within  the  region  of  visible  radiation. 
Hypothetical  dyes  of  such  transmittance  distributions  are  illustrated  in 
Fig.  9-17d  and  b.  Such  dyes  are  commonly  referred  to  as  block  dyes. 
The  broken  curves,  in  each  case,  illustrate  hypothetical  dyes  of  the  same 
dominant  wavelengths  and  luminous  transmittances,  but  of  lower 

purities.  .  .  . . 

MacAdam  (1935 a,  p.  251)  also  demonstrated  that  the  characteristics 

necessary  to  attain  the  maximum  luminous  transmittance,  for  any 
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rhromaticitv  require  the  same  “block  type”  of  spectral  distribution. 
Plots  of  chroma ticities  corresponding  to  such  dyes  having  maximum 
fununous  transmittances  ranging  from  100  percent  down  to  10  percent 

for  CIE  llluminant  C  are  shown  in  Fig.  9-18. 

The  loci  given  in  Fig.  9- 18  do  not  apply  to  fluorescent  dyes.  In  t  a 
case  the  luminances  and  purities  of  the  dyes  may  exceed  the  limits  pre- 
dictable  for  nonfluorescent  dyes. 


Spectral  Reflectance  Characteristics  of  Colorants 

A  dye  coated  on  an  opaque  base  selectively  absorbs  and  transmits 
liedit  just  as  it  does  when  coated  on  a  transparent  base.  For  reflection- 
type  photographic  prints,  therefore,  the  reflection  comes  chiefly  from 


Fig.  9*19  Schematic  diagram  of  the  effect  on  a  beam  of  light  of  a  transmitting 
medium  coated  on  a  diffusely  reflecting  surface  (F.  C.  Williams,  private  communi¬ 
cation). 

the  support,  and  the  action  of  the  colorant  is  much  the  same  as  it  is  for 
a  photograph  with  a  transparent  base.  There  are  complicating  factors 
involved  in  reflectance,  however,  which  give  rise  to  certain  essential 
differences. 

In  Fig.  9*19  is  a  diagram  illustrating  the  behavior  of  a  beam  of  light 
incident  upon  a  transmitting  medium  coated  on  a  diffusely  reflecting 
surface.  When  the  incident  ray  strikes  the  top  surface,  most  of  it  is 
refracted,  but  a  portion  is  reflected.  When  the  refracted  ray  reaches 
the  base,  it  is  diffusely  reflected,  with  rays  going  out  in  all  directions. 
When  the  reflected  rays  reach  the  surface,  part  of  them  emerge  and 
part  are  internally  reflected.  The  parts  internally  reflected  are  again 
diffusely  reflected  when  they  strike  the  base,  and  the  process  just  de¬ 
scribed  is  repeated. 
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SURFACE  REFLECTION 


The  ratio  of  the  intensity  of  the  reflected  flux  to  the  incident  flux  of 
a  light  ray  incident  on  a  transparent  surface  is  given  by  (Sears,  1945, 
p.  222,  or  other  standard  text  on  optics) 


F 

Fi 


1 

sin  (/  —  r)~ 

2  1 

'tan  (/  —  r)~ 

2 

_sin  (/  4~  r). 

+  2 

.tan  (/  -f  r). 

(9 -6a) 


where  i  and  r  represent  the  angle  of  incidence  and  angle  of  refraction, 
respectively,  as  shown  in  Fig.  9-19.  The  angles  of  incidence  and  angles 
of  refraction  are  related  to  each  other,  in  accordance  with  Snell’s  law, 
as  (Sears,  1945,  p.  25) 

sin  //sin  r  =  n  (9 -6b) 


where  fx  is  the  ratio  of  the  index  of  refraction  of  the  medium  on  which 
the  ray  of  light  is  incident  to  that  of  the  medium  from  which  it  comes. 

When  the  incident  ray  is  perpendicular  to  the  surface,  these  two 
equations  give  for  the  ratio  of  reflected  to  incident  flux  intensity: 


P  = 


0*  - 1)2 

(m  +  l)2 


(9 -6c) 


The  gelatin  medium  commonly  used  in  color  photographic  prints  has 
an  index  of  refraction  of  about  1.53.  The  surface  reflectance  for  nor¬ 
mally  incident  light  in  this  case  is  about  4  percent.  As  the  angle  of 
incidence  increases  the  percentage  of  reflected  light  also  increases,  as 
is  evident  from  equation  9-6d.  For  a  medium  with  an  index  of  refrac¬ 
tion  of  1.53  the  fraction  of  the  incident  light  reflected  as  a  function  of 
incident  (and  reflected)  angle  is  given  in  Fig.  9*20.  The  increase  above 
4  percent  is  only  slight  up  to  about  45°.  At  larger  angles  the  amount 
reflected  increases  rapidly,  approaching  100  percent  at  90°. 

The  percentage  of  surface  reflection  for  any  given  angle  of  incidence 
on  a  transparent  medium  depends  only  on  the  index  of  refraction  of 
that  medium.  For  most  substances  the  index  of  refraction  varies  but 
slightly  for  different  wavelengths  of  light,  so  that  the  reflected  light  is 
essentially  the  same  in  its  spectral  distribution  as  is  the  incident  light. 
The  reflectance  is  therefore  spectrally  nonselective.  Substances  which 
have  a  considerable  variation  in  refractive  index  as  a  function  of  wave¬ 
length  do  show  some  selective  action  in  surface  reflections. 

For  reflection  from  the  surfaces  of  metals  the  situation  is  more  com¬ 
plicated,  and  equation  9-6 a  must  be  modified  slightly  (see  \\  ood,  19  4, 
p.  547).  Metallic-surface  reflection  is  quite  selective. 
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Both  the  reflected  and  refracted  components  of  thc  'ight  f 
■cnrfacc  of  a  transparent  medium  are  partially  polarized  As  the  angle 
d  ce  aries  from  normal  (0°)  to  grazing  (90°)  the  polarization 
increases  to  a  maximum  and  then  decreases.  In  accordance  with 
Brewster’s  law  (Sears,  1945,  p.  223),  the  polarization  is  at  a  maximum 
when  the  tangent  of  the  angle  of  incidence  equals  the  index  of  refrac- 


Angle  of  incidence  (i)  (degrees) 

Fig.  9-20  Surface  reflection  as  a  function  of  angle  of  incidence  for  a  medium  with 
an  index  of  refraction  of  1.53. 


tion  of  the  medium.  For  materials  with  an  index  of  refraction  of  1.53 
this  angle  is  57°.  For  the  angle  of  maximum  polarization  the  reflected 
and  refracted  rays  make  an  angle  of  90°  with  each  other. 


REFLECTANCE  FRO  M  THE  SUPPORT 

The  intensity  of  the  radiant  flux  reflected  at  an  angle  0  from  a  surface 
which  reflects  100  percent  and  which  is  perfectly  diffusing  is  given  by 
(Sears,  1945,  p.  287) 

Me  =  A In  cos  6  (9-7) 

where  A In  is  the  intensity  of  the  normal  component  of  the  reflected  light 
beam.  For  such  a  surface  the  reflectance-intensity  distribution  is  inde¬ 
pendent  of  the  angle  of  incidence  of  the  original  beam.  Such  surfaces 

also  appear  equally  bright,  regardless  of  the  angle  at  which  they  are 
viewed. 
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No  real  surface  is  either  100  percent  reflecting  or  perfectly  diffusing. 
Paper  and  other  supports  used  for  reflection-type  photographic  prints 
range  in  total  reflectance  from  about  85  to  95  percent.  Most  such 
surfaces  are  quite  diffusing  but  are  not  perfectly  diffuse.  Figure  9-21 
gives  the  luminance,  as  a  function  of  viewing  angle,  of  a  particular  sup- 
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Fig.  9-21  Polar  distribution  compared  to  that  of  a  perfectly  diffuse  reflector  for 
the  light  reflected  from  a  material  used  as  a  support  for  color  photographs.  I  he 
incident  light  is  normal  to  the  surface,  and  the  material  is  within  a  medium  having 
an  index  of  refraction  of  1.53  (F.  C.  Williams,  private  communication). 


port  immersed  in  a  medium  of  index  of  refraction  of  1.53  and  illumi¬ 
nated  at  normal  incidence.  A  perfectly  diffusing  surface  would  be  rep¬ 
resented  by  a  line  parallel  to  the  abscissa  axis. 


INTERNAL  REFLECTION 

The  reflected  rays  of  light  which  reach  the  surface  from  inside  the 
transmitting  layer  are  partially  reflected  back  into  this  layer. 

In  order  to  deal  with  this  case  equation  9  -6b  must  be  rewritten  as 

sin  //sin  r  =  l/n  (9-8) 

if  /x  is  to  continue  to  represent  the  index  of  refraction  of  the  transmit¬ 
ting  layer.  As  /x  is  greater  than  one,  the  angle  of  refraction  for  this  case 
is  greater  than  the  angle  of  incidence.  For  a  material  with  an  index 
of  refraction  of  1.53,  the  angle  of  refraction  approaches  90°  as  the  inci¬ 
dence  becomes  slightly  greater  than  40°.  This  angle  of  incidence,  or 
the  corresponding  angle  for  a  material  of  any  index  of  refraction,  is 
called  the  critical  angle.  When  the  angle  of  incidence  equals  or  exceeds 
the  critical  angle,  there  can  be  no  refracted  ray  leaving  the  layer  As 
the  angle  of  incidence  approaches  the  critical  angle  the  ratio  of  the  re- 
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fleeted  flux  to  the  incident  flux,  Fr/F«  as  given  by  equation  9-6u  ap- 
profehes  unity.  At  the  critical  angle,  and  for  all  greater  angles  of  nci- 
denee  there  is  complete  internal  reflection.  The  percentages  of  in¬ 
ternal’ reflectance  for  smaller  angles  of  incidence  for  a  material  with  an 
index  of  refraction  of  1.53  are  shown  in  Fig.  9-2  . 


Fig.  9*22  Internal  reflectance  as  a  function  of  angle  of  incidence  for  a  material  with 
an  index  of  refraction  of  1.53. 


If  the  transmitting  layer  is  coated  in  optical  contact  with  a  diffusing 
base,  light  reflected  from  the  base  may  reach  the  upper  surface  at  any 
angle  of  incidence  between  0°  and  90°.  The  relative  intensity  of  the 
light  at  each  angle  will,  in  general,  depend  upon  the  direction  at  which 
the  original  beam  strikes  the  base  of  the  film  and  upon  the  extent  and 
nature  of  the  diffusion  produced  by  the  base.  If  the  base  is  assumed 
to  be  perfectly  diffusing,  the  intensity  of  the  light  leaving  it,  and  there¬ 
fore  incident  internally  upon  the  upper  surface  of  the  transmitting 
medium,  will  vary  as  a  function  of  angle  in  accordance  with  the  well- 
known  cosine  law.  Assuming  such  diffusion,  Judd  (1942)  calculated 
the  total  internal  reflection  as  a  function  of  the  index  of  refraction  of 
the  transmitting  medium.  The  total  amount  of  light  reflected  is  found 
by  integrating  the  amounts  reflected  as  a  function  of  angle.  Judd’s  re¬ 
sults  are  given  as  curve  (a)  in  Fig.  9-23.  Curve  (b)  gives  the  external 
diffuse  reflection,  and  curve  (c)  the  perpendicular  reflection  which  ap¬ 
plies  both  internally  and  externally.  If  the  index  of  refraction  is  1.53, 
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the  internal  reflection  for  diffuse  illumination  is  61.4  percent,  the  ex¬ 
ternal  diffuse  reflection  is  9.6  percent,  and  the  perpendicular  is  4.4  per¬ 
cent. 

In  Fig.  9-24  is  shown  the  polar  distribution  of  the  internally  reflected 
light,  assuming  the  medium  has  100  percent  transmission,  for  a  mate¬ 
rial  with  an  index  of  refraction  of  1.53.  The  relative  path  lengths  of 


Fig.  9-23  Total  surface  reflectance  as  a  function  of  index  of  refraction,  ( a )  internal 
diffuse,  (b)  external  diffuse,  and  (c)  perpendicular  (Judd,  1942,  p.  331). 


these  rays  in  passing  from  the  base  to  the  surface  and  back  again  are 
given  in  the  same  figure. 

The  light  reaching  the  base  after  the  first  internal  reflection  is  again 
diffusely  reflected  by  the  base.  The  same  considerations  apply  to  this 
light  as  applied  to  the  light  first  reflected  from  the  base.  part  °f  the 
beam  will  pass  out  through  the  surface,  and  part  will  be  reflected.  T  i 
amount  of  light  remaining  after  each  succeeding  surface  reflectl0n  ™ 
be  smaller,  but  the  same  process  will  continue  until  all  the  hg 
either  been  absorbed  or  refracted  out  of  the  medium.  Each  time  the 
process  is  repeated  the  light  is  subjected  again  to  the  selective  absorp 
IZ  of  any  dye  in  the  layer;  the  amount  of  absorption  depends  upon 
the  path  length  through  the  dye  layer  which  the  particular  ray  o  lg 
Allows  as  well  as  upon  the  extinction  coefficients  for  the  various  wave- 

lengths  included  in  the  ray. 
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Fig.  9.24  (a)  Percent  of  total  light  originally  incident  upon  a  perfectly  diffusing 

base  which  is  internally  reflected  at  the  upper  surface  of  a  nonabsorbing  medium, 
as  a  function  of  angle  of  incidence  on  the  upper  surface,  and  (b)  path  length  from 
the  base  back  to  the  base  of  each  light  ray,  as  a  function  of  angle  of  incidence  on 
the  upper  surface.  The  medium  is  assumed  to  have  unit  thickness  and  an  index  of 
refraction  of  1.53  (F.  C.  Williams,  private  communication). 

DIFFUSE  REFLECTION  DENSITIES 

The  factors  which  have  been  discussed  in  the  preceding  sections  are 
of  great  importance  in  considering  reflection  densities  of  photographic 
color  images  on  opaque  supports.  It  is  sometimes  assumed  that  the 
reflection  density  for  any  dye  can  be  determined  by  multiplying  the 
transmittance  density  at  each  wavelength  by  a  factor  2  (or  some  appro¬ 
priate  factor  slightly  greater  than  2).  This  is  not  true,  primarily  be¬ 
cause  of  external  and  internal  front-surface  reflectances.  If  a  color  pho¬ 
tographic  print  is  illuminated  with  specular  light  at  any  angle  of  inci¬ 
dence  up  to  about  50°,  roughly  4  percent  of  the  flux  will  be  reflected 
at  the  front  surface.  If  density  measurements  are  to  be  made  with  the 
total  light  leaving  the  print,  including  both  that  reflected  at  the  surface 
and  that  which  emerges  after  penetrating  through  the  dye  layer,  the 
maximum  density  which  can  be  measured  is  —  log  0.04,  or  1.4.  If  the 
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surface  of  the  print  is  glossy,  most  of  the  surface-reflected  light  will  be 
specular,  with  the  angle  of  reflection  equal  to  the  angle  of  incidence. 
At  this  particular  angle,  most  of  the  radiant  energy  from  the  print  will 
be  that  of  the  surface  reflection.  At  other  angles  the  surface  reflection 
will  not  be  important.  Excluding  specular  reflection,  densities  greater 
than  2.0  may  be  obtained. 

If  the  surface  of  the  print  is  matte,  or  if  diffuse  illumination  is  used, 
the  surface  reflection  will  be  greater  and  of  more  uniform  distribution. 
For  diffuse  lighting,  the  total  amount  reflected,  as  has  been  indicated, 
is  about  9.8  percent.  If  all  of  this  is  collected  in  an  instrument  for 
density  measurements,  the  maximum  possible  density  would  be  only 
slightly  greater  than  1.00. 

As  surface  reflection  is  essentially  nonselective,  its  effect  in  ordinary 
viewing  is  to  add  white  light  to  the  rest  of  the  light  coming  from  the 
photograph.  In  addition  to  reducing  the  total  density,  it  desaturates 
the  colors. 

The  effect  of  the  internal  reflection  at  the  surface  is  much  more  diffi¬ 
cult  to  determine.  A  certain  percentage  of  the  light  traverses  the  ab¬ 
sorbing  layer  twice  and  emerges  from  the  surface.  Some  of  the  light, 
being  reflected  at  the  front  surface,  traverses  the  absorbing  layer  four 
times  and  emerges,  and  so  on.  The  density  of  the  layer  is  determined 
by  the  integrated  effects  of  all  the  rays  of  light.  F .  C.  Williams  (private 
communication)  gives  a  mathematical  treatment  of  the  phenomenon 
of  internal  reflection  at  the  gel-air  interface  of  a  color  print.  He  as¬ 
sumed  that  the  gelatin-image  material  was  coated  in  optical  contact 
with  a  nonselective  diffusely  reflecting  base.  Making  use  of  the  Fresnel 
reflection  law,  he  first  determined  the  proportion  of  the  light  diffusely 
reflected  only  once  from  the  base  which  would  leave  the  gelatin  suiface. 
For  a  100-percent-transmitting  gelatin  layer  with  an  index  of  refraction 
of  1.53,  this  value  is  0.386.  This  is  equivalent  to  a  density  of  0.413. 

T  he  light  reflected  at  the  surface  again  becomes  incident  upon  the 
support,  and  a  corresponding  proportion  of  it  will  leave  the  surface 
after  its  diffuse  reflection  by  the  support.  The  same  process  is  repeated 
by  the  light  which  is  reflected  by  the  surface  this  second  time.  The 
total  amount  of  light  leaving  the  surface  can  therefore  be  determined 
approximately  by  summing  the  terms  of  a  converging  series.  The  ex¬ 
pressions  for  the  terms  in  this  series  have  been  formulated  by  William, 
and  applied  to  layers  of  different  transmission  densities  coated  upon 
diffusing  supports  of  different  reflectances.  Some  of  his  results  are 
shown  in  Fig.  9-25,  where  the  reflection  densrty  is  plotted  as  a  fmictio 
of  the  transmission  density  for  several  different  reflectances  o  the  ta*. 

These  calculations  are  based  on  the  measurement  of  the  reflected 
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light  which  is  included  in  a  small  cone  around  the  line  normal  to  the 
gelatin-layer  surface.  This  corresponds  closely  to  the  actual  conditions 
under  which  a  color  photograph  is  viewed.  Zero  reflectance  density 
indicates  that  the  intensity  is  the  same  as  would  be  obtained  with  a 
completely  reflecting  base  without  the  gelatin  layer.  When  the  gelatin 


Fig.  9-25  Reflection  density  of  a  gelatin  layer  on  a  diffusely  reflecting  surface  as 
a  function  of  transmission  density  of  the  layer.  Base  reflectances  are  (a)  1.0,  ( b ) 
0.8,  (c)  0.6,  ( d. )  0.4,  and  (e)  0.2  (F.  C.  Williams,  private  communication). 


layer  has  100  percent  transmittance,  the  presence  or  absence  of  the 
gelatin  has  no  effect. 

The  curves  of  Fig.  9-25  may  be  used  for  calculating  a  number  of  the 
characteristic  properties  of  diffuse  reflection  density.  For  example, 
from  curve  (a),  a  layer  containing  an  absorbing  material  which  had  a 
density  at  some  wavelength  of  0.1  by  transmission  would  have  a  reflec¬ 
tion  density  of  0.5.  According  to  Beer’s  law  twice  the  amount  of  this 
material  would  have  a  transmission  density  of  0.2.  From  curve  (a) 
this  would  have  a  reflection  density  of  0.8.  Thus,  doubling  the  con¬ 
centration  does  not  double  the  reflection  density.  Beer’s  law  cannot 
be  applied.  Since  the  curves  in  Fig.  9-25  are  not  linear,  doubling  the 
dye  concentration  at  some  other  level  would  not  have  the  same  effect 
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as  doubling  the  concentration  at  this  level.  It  is  evident  that  neither 
Beer’s  law  nor  the  Log  D  law  applies  for  reflection-density  measurements. 

Application  of  one  of  the  curves  of  Fig.  9-25  to  the  complete  spec- 
trophotometric  curves  of  a  dye  can  be  made  as  follows.  Curve  {a)  of 
Fig.  9-26  is  the  transmission-density  distribution  of  a  particular  con¬ 
centration  of  the  dye  Alizarine  Rubinol  R.  Using  curve  (a)  of  Fig.  9-25, 
the  reflection  densities  corresponding  to  transmission  densities  through- 


Fig.  9*26  Spectral  transmission  and  reflection  densities  of  the  dye  Alizarine  Rubinol 
R,  (a)  transmission  density  for  a  particular  concentration  of  the  dye,  ( b )  reflection 
density  for  the  same  concentration,  (c)  transmission  densities  of  curve  {a)  multiplied 

by  2.53. 


out  the  spectrum  have  been  determined.  A  plot  of  these  densities  is 
shown  in  curve  (b)  of  Fig.  9-26.  There  is  a  marked  difference  in  density 
at  each  wavelength,  the  ratio  being  2.53  at  the  point  of  maximum 
density  If  all  points  on  curve  (a)  are  multiplied  by  this  constant  the 
result  is  curve  (c).  Not  only  are  there  density  differences,  but  there 
are  differences  in  the  shapes  of  the  two  curves.  For  equivalent  peak 
absorptions  the  reflection-density  curve  is  much  broader.  There  is  no 
concentration  of  the  dye  for  which  the  transmission-density  distribution 
will  be  identical  with  that  of  the  reflection  density. 

Similar  calculations  would  show  that  the  diffuse  reflection  density 
at  any  wavelength  of  a  combination  of  two  or  more  dyes  is,  m  general, 
less  than  the  sum  of  the  individual  diffuse  reflection  densities. 

The  effect  of  using  a  nondiffusing  rather  than  a  diffusing  support  s 
illustrated  in  Fig.  9  27.  In  this  figure  („)  is  the  transmission-density 

366 


curve  of  a  cyan  dye  in  a  thin  gelatin  layer.  Curve  (b)  is  the  refl<;ct‘01' 
density  for  the  same  film  placed  in  optical  contact  with  a  polished 
aluminum  surface.  Curve  (c)  was  derived  from  curve  (a)  with  the 
densities  doubled  and  added  to  the  curve  obtained  from  a  clear  piece 
of  stripping  film  on  the  aluminum  support.  Curve  (d)  is  derived  from 
curve  (b)  with  a  reflectance  of  4  percent  subtracted  at  each  wavelength 
to  correct  for  surface  reflectance.  Curves  (c)  and  (d)  are  in  close  agree- 


Fig.  9-27  (a)  Transmission  density  distribution  of  cyan  dye  in  a  thin  gelatin  layer, 
(b)  reflection  densities  of  same  film  placed  in  optical  contact  with  a  surface  of  pol¬ 
ished  aluminum,  (c)  ordinate  values  of  curve  (a)  doubled  and  added  to  the  densities 
of  a  clear  piece  of  stripping  film  on  the  aluminum  support,  and  ( d )  curve  ( b )  cor¬ 
rected  for  surface  reflectance. 


ment,  indicating  that  a  nondiffusing  support  such  as  polished  aluminum 
gives  the  reflection  densities  that  would  be  expected  from  the  trans¬ 
mittance  distribution  of  the  dye.  In  the  absence  of  diffusion  at  the 
reflecting  support,  none  of  the  rays  of  light  reach  the  front  surface  at 
an  angle  greater  than  the  critical  angle  and  no  total  internal  reflection 
occurs. 

This  same  situation  exists  if  the  layer  containing  the  absorbing  mate¬ 
rial  is  not  in  optical  contact  with  the  support  but  is  separated  from  it 
by  a  thin  layer  of  air.  The  diffuse  light  leaving  the  support  is  refracted 
into  the  medium  containing  the  absorber,  so  that  none  of  the  rays  reach 
the  top  surface  at  an  angle  greater  than  the  critical  angle  and  no  total 
reflection  can  occur. 
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COLORIMETRIC  PROPERTIES  WITH  REFLECTED 
L  IGHT 


The  colorimetric  properties  of  colorants  can  be  determined  from  the 
spectrophotometric  curves  measured  by  reflectance,  just  as  is  done  from 


X 


F,c.  9-28  Chromaticities  and  luminous  densities  as  functions  of  concentration  of 
The  dve  Alizarine  Rubinol  R,  (a)  measured  with  respect  to  transmitted  ligl  t,  (  ) 
eflecL  deS  using  curve  («)  of  Fig.  9-25  to  determine  reflection-dens, ty  spectro- 
photometric  curves,  and  (c)  same  as  (b)  with  4  percent  surface  reflectance  added. 

the  transmittance  curves.  These  properties  will  be  affected  by  all  the 
factors  which  affect  the  spectrophotometric  curves.  These  include 
external  and  internal  surface  reflections,  the  nature  of  this  surfac^  the 
reflection  and  diffusion  characteristics  of  the  base,  and  the  methods 

nerd  in  making  the  measurements.  .  .  , 

Culve  (a)  of  the  chromaticity  plot  in  Fig.  9-28  gtves  the  chromahcty 
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locus  of  varying  concentrations  of  the  magenta  dye  Alizarine  RuWnoj  ^ 
measured  by  transmitted  light  with  CIE  Illuminant  C.  The  corre 
spcmding  luminous  densities  are  given  in  the  upper  right-hand  corner 
.  Of  the  figure.  For  reflectance,  if  there  were  no  complicating  factors  ex¬ 
cept  that  of  the  light  passing  through  the  medium  twice,  the  densities 
would  be  doubled  but  the  chromaticity  locus  would  not  be  change  . 
Owing  to  the  diffuse  reflectance  of  the  base  and  the  internal  reflection 
at  the  surface  of  the  medium  containing  the  dye,  however,  the  spectral 
reflectance  distributions  do  not  duplicate  the  distributions  of  other  con¬ 
centrations  of  the  transmittance  distributions.  Thus,  there  will  be 
modifications  in  the  chromaticity  plot.  These  are  shown  by  the  curve 
marked  (b).  Determinations  of  the  corresponding  spectrophotometric 
curves  were  made  by  means  of  curve  (a)  of  Fig.  9*25. 

The  chief  factor  in  addition  to  those  already  mentioned  is  front- 


surface  reflectance.  Its  effect  will  be  to  desaturate  the  color  and  reduce 
its  effective  density.  These  alterations,  assuming  a  4  percent  surface 
reflectance,  are  shown  by  curve  (c).  Owing  to  front-surface  reflectance, 
increases  in  dye  concentration  beyond  a  certain  value  do  not  continue 


to  give  increasing  excitation  purities,  but  rather  give  decreasing  excita¬ 
tion  purities.  With  sufficiently  high  concentrations  the  chromaticity 
locus  approaches  the  illuminant  point.  The  maximum  luminous  den¬ 
sity  would  be  about  1.4.  Without  the  front-surface  reflectance,  a  pure 
spectrum  color  near  650  m^u,  would  be  approached  at  exceedingly  high 
concentrations.  The  density  would  also  continue  to  increase  without 
limit. 
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Optical  Characteristics  of 
Colorants  in  Combination 


CHAPTER  X 


THE  colors  obtainable  by  means  of  a  concentration  series  of  one 
colorant  are  limited  to  those  of  a  single  curve  in  color  space.  Mix¬ 
tures  of  two  colorants  will,  in  general,  give  a  surface.  This  surface 
covers  only  a  portion  of  the  gamut  of  chromaticities  and,  for  each  chro- 
maticity,  usually  gives  but  a  single  luminance.  1  hree  colorants  make 
possible  the  matching  of  any  color  within  some  given  volume  of  the 
color  solid.  In  going  from  two  to  three  colorants  the  chromaticity 
gamut  usually  is  increased,  and,  for  most  chromaticities,  a  range  of 
luminances  is  possible.  The  use  of  more  than  three  colorants  may  ex¬ 
tend  slightly  the  total  chromaticity  or  luminance  range,  or  extend  the 
limits  of  either  for  a  given  fixed  value  of  the  other.  If  the  three  original 
colorants  are  suitably  chosen,  however,  these  extensions  are  slight  and 
additional  colorants  serve  chiefly  to  provide  more  than  one  combina¬ 
tion  which  will  match  any  chosen  color. 

Subtractive  color  photographic  processes  are  usually  designed  with  a 
maximum  of  three  component  colorants.  The  colors  which  can  be 
matched  by  such  a  system  are  determined  by  the  spectral  absorption 
characteristics  of  the  components,  and  by  the  nature  of  the  illuminating 
and  viewing  conditions  under  which  they  are  seen. 


Spectral  Characteristics  of  Colorant  Mixtures 

The  spectral  characteristics  of  colorant  mixtures  generally  can  be 
determined  with  high  precision  from  a  knowledge  of  the  spectral  c  ran 
acteristics  of  the  component  colorants.  Sometimes,  however,  there 
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factors  involved  whose  effects  are  known  qualitatively  but  which  can¬ 
not  be  taken  into  account  with  high  quantitative  precision.  Included 
among  the  latter  are  those  cases  in  which  the  colorants  internet  them 
ically  in  which  there  is  diffusion  of  light  by  the  dye  or  medium,  and  in 
which  one  or  more  or  the  colorants  is  fluorescent. 


TRANS MITTANCES  AND 


TRANSMISSION 


DENSITIES 


Equations  9-3 b  and  9-3 d  (p.  338)  give  the  transmittance  Tx  and 
the  density  Dx  at  any  wavelength,  A,  of  a  medium  which  absorbs  but 
neither  scatters  nor  fluoresces  as: 

7\  =  10-rfct  Dx  =  det  (10- la) 

In  these  equations  d  is  the  length  of  the  light  beam  path  through  the 


l  ie.  10-1  Spectral  transmittances  of  1-cm  light  beam  paths  of  aqueous  solutions 
of  (a)  Alizarine  Rubinol  R  (one  part  of  dye  in  25,000  parts  of  water),  (b)  Monastral 
hast  Blue  B  Soluble  (one  part  in  75,000),  and  (c)  their  mixture. 


medium,  c  is  the  concentration  of  the  absorbing  portion  of  the  medium, 
and  e  is  the  extinction  coefficient.  Of  these  three,  e  is  the  only  one 
which  varies  as  a  function  of  wavelength. 

Foi  more  than  one  absorbing  component,  each  of  which  acts  inde- 
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pendently  of  the  others,  these  equations  can  be  generalized  by  replac¬ 
ing  the  product  dec  by  its  equivalent: 


dee  —  d\C\t\  +  d^c^ii  +  •  •  •  +  dncnen  (10- \b) 

In  equation  10-  lb  each  numbered  subscript  indicates  a  different  com¬ 
ponent;  each  db  ciy  and  £i  refers  to  the  length  of  the  light  path,  concen¬ 
tration,  and  extinction  coefficient  for  this  particular  component. 


Fig  10-2  Spectral  densities  of  aqueous  solutions  of  (a)  Alizarine  Rubinol  R  jon<' 
part  in  10,000),  (b)  Monastral  Fast  Blue  B  Soluble  (one  part  in  30,000),  and  (c) 

their  mixture. 


From  equations  10- U  and  10  lfo  it  follows  that  the  transmittance 
at  a  given  wavelength,  of  a  combination  of  colorants  equals  the  product 
of  the  transmittances  of  the  individual  components  at  the  same  nave 

length,  or  r='l\T2---Tn  (10-lc) 


Likewise,  the  density  of  the  combination,  at  a  given  wavelength,  is  the 
sum  of  the  densities  of  the  components,  or 

D  =  Or  +  D2  +  ---+  0.  (10'li} 


These  relationships  are  illustrated  in  Figs.  10-1  and  10-2,  ^ 

tral  absorption  characteristics  are  given  for  one  concentration  of  ) 
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Alizarine  Rubinol  R,  Monastral  Fast  Blue  B  Soluble,  and  their  com  i- 
nation  The  combination  curve  corresponds  to  that  whic  1  wou 
obtained  if  these  two  solutions  were  placed  in  sequence  or  if  a  single 
solution  of  1-cm  thickness  were  made  with  the  same  concentration  ot 
each  dye  as  in  the  individual  solutions.  Figure  10-1  shows  the  transmit- 
tances  of  the  individual  dyes  and  the  product  at  each  wavelength  of 
these  two  transmittances,  giving  the  transmittance  of  the  combination. 
Figure  10-2  shows  the  density  distributions  of  the  two  individual  dyes 
and  the  sums  of  these  densities  at  each  wavelength  which  is  the  density 
of  the  combination.  Mixtures  of  more  than  two  dyes  can  be  treated 
in  an  analogous  fashion. 


EFFECTS  OF  DIFFUSION 

It  was  pointed  out  in  Chapter  IX  that  the  density  of  a  transmitting 
medium  with  appreciable  amounts  of  scatter  could  not  always  be  ex¬ 
pressed  as  a  simple  linear  function  of  solution  concentration  or  thick¬ 
ness.  In  such  cases  equations  10  T  do  not  hold.  This  also  means  for 
these  solutions  that  the  densities  to  monochromatic  light  of  two  solu¬ 
tions,  or  two  components  of  the  same  solution,  would  not  be  the  sum 
of  the  densities  of  the  two  solutions  or  components  taken  separately. 
The  extent  of  the  departure  will  vary  greatly,  depending  upon  the 
amount  of  scatter,  type  of  density  measured,  and  other  factors.  Usually 
the  sum  of  the  densities  of  two  or  more  scattering  components  will  ex¬ 
ceed  the  density  of  the  combination. 

The  order  in  which  separate  diffusing  layers  act  on  the  light  beam 
may  also  affect  the  transmittance.  Suppose  a  beam  of  light  is  first 
transmitted  by  a  layer  which  we  shall  call  A,  and  then  by  B.  Owing  to 
scattering  in  layer  A,  it  is  unlikely  that  the  state  of  diffusion  of  the  light 
leaving  it  and  entering  B  is  the  same  as  that  entering  A.  A  reversal  of 
the  order  of  the  layers  would  therefore  alter  the  state  of  diffusion  of 
the  light  incident  upon  each.  As  the  density  of  each  layer  depends 
upon  the  nature  of  the  diffusion  of  the  incident  light,  their  combined 
densities  in  the  two  cases  are  likely  to  differ. 


EFFECTS  OF  FLUORESCENCE 

Most  fluorescent  dyes,  like  other  dyes,  absorb  light  in  accordance 
with  Beers  law  (equation  9  -  3a).  The  densities  due  to  absorption  from 
a  beam  of  light  passing  through  a  fluorescent  dye  mixed  with  other 
dyes,  therefore,  follow  the  simple  additivity  relationships  given  by  equa¬ 
tion  10- Id.  The  fluorescent  components  of  the  light  are  also  subject 
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to  the  same  absorption  laws.  This  light,  however,  originates  within 
the  dye  medium  and,  therefore,  is  acted  upon  for  a  shorter  distance 
through  the  medium  and,  in  some  cases,  by  fewer  of  its  dye  components 
than  is  the  primary  beam. 

For  this  reason,  the  light  transmitted  by  a  combination  of  two  or 
more  dyes,  one  of  which  fluoresces,  will  depend  upon  which  of  the 


Fig  10-3  Spectral  densities  as  measured  in  a  spectrophotometer  of  a  fluorescent 
dye  and  a  nonfluorescent  dye  (*)  with  the  light  passing  first  through  the  fluorescent 
dye,  (b)  with  the  light  passing  first  through  the  nonfluorescent  ye. 

dyes  the  light  passes  through  first.  The  appearance  of  a  combination 
of  such  dyes  will,  therefore,  depend  on  the  order  in  which  they  are 
placed  Suppose,  for  example,  a  filter  containing  a  magenta  dye  which 
emits  red  fluorescence  is  viewed  in  combination  with  a  nonflu°res“n 
cyan,  or  red-absorbing  filter.  If  the  cyan  filter  is  placed  nearer 1 1  g 
source  it  will  absorb  the  red  light.  The  second  filter wdl  absorb^ 
green  light,  transmitting  the  remaining  blue  light.  Owi  g 
rescence  however,  some  of  the  energy  absorbed  as  green  lig 

red  light  will  be  absorbed  by  the  cyan  filter. 
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Most  spectrophotometers  do  not  give  correct  results  when  used  in 
measuring  fluorescent  materials.  Curves  (a)  and  (b)  of  Fig.  10  3 
the  filter  combination  discussed  in  the  preceding  paragrap  were  o 
tained  by  means  of  a  spectrophotometer.  Curve  (a)  was  obtained  wi 
the  fluorescent  magenta  dye  nearer  the  light  source,  and  curve  (ft)  with 
the  cyan  dye  nearer  the  light  source.  The  lower  density  in  the  green 
region  of  the  spectrum  indicated  by  curve  (b)  results  from  the  spectre- 
photometer  registering  the  fluorescent  red  light  as  green. 


REFLECTANCES  AND  REFLECTION  DENSITIES 

As  has  already  been  indicated  (see  p.  366),  neither  Beer  s  law  nor  the 
Log  D  law  is  applicable  in  cases  of  reflection  in  which  the  absorbing 
media  are  coated  on  diffusely  reflecting  supports.  It  follows  that  the 
densities  of  two  or  more  media  coated  in  sequence  on  a  diffusely  re¬ 
flecting  support  are  not  additive.  The  sum  of  the  densities  measured 
for  the  single  layers  usually  will  exceed  the  measured  density  for  the 
combination,  if  all  measurements  are  diffuse  reflection  densities. 

If  all  the  dye  layers  have  the  same  index  of  refraction  and  are  neither 
diffusing  nor  fluorescent,  the  order  in  which  the  layers  occur  will  not 
alter  the  transmittance.  If  there  are  differences  in  indices  of  refraction, 
these  will  cause  reflections  at  all  surfaces  where  the  differences  occur. 
The  effects  of  diffusion  and  fluorescence  depend  upon  the  particular 
nature  of  the  situation.  If  the  top  layer  is  highly  diffusing,  much  of 
the  light  may  never  reach  the  bottom  layer  and  will  therefore  be  un¬ 
affected  by  its  absorption.  If  the  bottom  layer  is  diffusing,  some  of  the 
light  will  not  penetrate  the  full  distance  through  this  layer,  but  all  light 
will  be  subject  to  the  absorption  of  the  top  layer  during  its  passage 
into  and  out  of  the  dye  coatings.  Fluorescent  light  in  the  top  layer 
will  be  added  to  the  other  emerging  light,  regardless  of  the  absorption 
distribution  of  the  bottom  layer.  Fluorescent  light  from  the  bottom 
layer  will  be  subject  to  the  absorption  of  the  top  layer,  and  thus  it  may 
be  partially  or  completely  eliminated  from  the  emergent  beam. 


Colorimetric  Characteristics  of  Dye  Mixtures 

The  colorimetric  characteristics  of  dye  mixtures  are  determined  by 
their  spectrophotometric  characteristics  and  by  the  spectral  distribution 
of  the  viewing  illumination.  The  various  factors  already  discussed 
which  affect  the  transmittances  and  reflectances  of  dye  mixtures,  there¬ 
fore,  also  affect  their  colorimetric  properties.  The  variety  of  possible 
viewing  llluminants  is  practically  unlimited.  In  what  follows  it  usually 
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will  be  assumed  that  the  dye  mixture  is  illuminated  by  means  of  CIE 
Illuminant  C.  Changes  in  appearance  which  result  from  changes  in 
the  illuminant  are  of  interest,  however,  so  that  some  other  illuminants 
will  also  be  considered. 


TWO-DYE  MIXTURES 


Spectral  density  curves  of  the  dyes  Tartrazine,  Alizarine  Rubinol  R, 
and  Monastral  Fast  Blue  B  Soluble  are  given  in  Fig.  10-4.  The  con- 


Fig  10-4  Spectral  densities  of  aqueous  solutions  of  the  dyes  (a)  Monastral  Fast 

Blue  B  Soluble,  concentrate  153  X  10-»i  W  5" “"toe  of 

tion  4.0  X  10  -5;  (c)  Tartrazine,  concentration  1.33  X  1  ' 

these  three  dyes. 

centrations  are  given  with  the  figure  and  the  kngths  of  the 
nath  through  the  solution  are  1  cm  in  each  case,  tartrazine  > 
dve  having  high  blue  absorption  and  very  little  absorption  or  w 
fengths  longer  than  about  500  m,..  Alizarine  Rubtnol  R  is ;  a  magcn  • 
dr' and  Monastral  Fast  Blue  B  Soluble  ^ 

Sy  a  *  «* — -  - 


mixtures. 
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Figure  10*5  shows  spectral  density  curves  for  different  concentrations 
of  a  mixture  of  the  dyes  Tartrazine  and  Alizarine  Rubinol  R.  As  1  ar- 
trazine  absorbs  chiefly  in  the  blue  and  Alizarine  Rubinol  R  chiefly  in  the 
green,  the  mixture  transmits  mostly  in  the  red  end  of  the  spectrum. 


Fig.  10-5  Spectral  densities  for  a  mixture  of  the  dyes  Tartrazine  and  Alizarine 
Rubinol  R  in  the  same  proportions  as  illustrated  in  Fig.  10-4  ( a )  at  half  these  con¬ 
centrations,  (b)  at  the  same  concentrations,  (c)  twice  the  concentrations,  and  ( d ) 
four  times  the  concentrations. 

Plots  showing  chromaticities  of  several  concentrations  of  the  dyes 
1  artrazine  and  Alizarine  Rubinol  R  and  some  of  their  mixtures  are  given 
in  Fig.  10-6.  Pure  Tartrazine,  in  increasing  concentrations,  gives  the 
curve  at  the  top.  With  increasing  concentration  the  colorimetric  purity 
increases  and  the  color  approaches  that  of  a  pure  spectral  yellow.  The 
curve  at  the  bottom  is  that  of  the  pure  Alizarine  Rubinol  R.  The  curve 
connecting  the  two  end  points  of  the  two  pure-dye  curves  gives  the 
locus  of  chromaticities  obtainable  when  one  of  the  two  dyes  is  at  the 
concentration  of  its  end  point.  Any  chromaticity  point  within  this 
area  is  obtainable  by  means  of  a  suitable  mixture  of  the  two  dyes. 

As  the  concentration  is  increased  the  locus  of  the  pure  magenta  dye 
curves  toward  the  red.  This  is  owing  to  the  fact  that  Alizarine  Rubinol 
R  has  greater  density  in  the  blue  than  in  the  red  region  of  the  spectrum. 
This  difference  is  not  of  importance  at  low  concentrations,  the  color  of 
the  dye  being  affected  chiefly  by  the  absorption  of  the  green  light.  At 
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high  concentrations,  however,  the  absorption  of  blue  light  becomes  sig¬ 
nificant. 

Chromaticity  loci  of  the  yellow  dye  Tartrazine,  the  cyan  dye  Monastral 
Fast  Blue  B  Soluble,  and  a  mixture  of  the  two  are  given  in  Fig.  10-7. 


Luminous  Densities 

Concentration 

0.5 

1.0 

2.0 

4.0 

(a) 

0.02 

0.04 

0.08 

0.15 

(*) 

0.19 

0.36 

0.62 

0.92 

(c) 

0.22 

0.41 

0.70 

1.05 

Fig.  10-6  Chromaticities  and  luminous  densities  with  C1E  Illuminant  C  of  the 
dyes  (a)  Tartrazine,  (b)  Alizarine  Rubinol  R,  and  (c)  their  mixtures  in  the  same 
proportions  as  illustrated  in  Fig.  10-4.  The  numbers  beside  the  points  indicate  the 
ratios  of  the  concentrations  to  those  given  in  Tig.  10-4. 


The  mixture  gives  a  green  color.  The  outside  boundary  cuivc  indicates 
the  gamut  of  chromaticities  which  can  be  matched  by  mixtures  of  the 
dyes  with  concentrations  which  do  not  exceed  those  of  the  end  points 

of  the  pure-dye  curves.  ,  D 

In  Fig.  10-8  are  given  the  chromaticity  loci  of  Alizarine  Rubinol  , 

Monastral  Fast  Blue  B  Soluble,  and  combinations.  These  dye  combi¬ 
nations  cover  the  cyan,  blue,  and  magenta  chromaticity  regions. 
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The  luminous  densities  of  the  various  two-dye  mixtures  vary  as  func¬ 
tions  of  chromaticity.  At  zero  concentration  for  eacli  componen  , 
luminous  transmittance  is  100  percent  and  the  luminous  density  is  zero. 
As  the  concentration  of  any  dye  or  mixture  of  dyes  increases  greater 
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Fig.  10-7  Chromaticities  and  luminous  densities  with  CIE  Illuminant  C  of  the 
dyes  (d)  Tartrazine,  (b)  Monastral  Fast  Blue  B  Soluble,  and  (c)  their  mixtures. 
Numbers  beside  points  indicate  the  concentrations  relative  to  those  shown  in  Fig 
10-4. 


and  greater  portions  of  the  light  are  absorbed,  and  the  greater  the  lumi¬ 
nous  density  becomes.  For  each  chromaticity  of  a  mixture  there  is  a 
single  value  of  luminous  density. 

Owing  to  the  fact  that  the  eye  has  the  greatest  brightness  sensitivity 
to  light  in  the  green  spectral  regions,  luminous  transmittance  is  affected 
greatly  by  the  magenta  dye  component  in  any  mixture.  Fairly  satu¬ 
rated  magentas  are  always  dark.  Yellow  dye  absorbs  very  little  in  the 
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central  portions  of  the  visible  spectrum  and  consequently  is  relatively 
light,  even  at  high  concentrations.  Cyan  dyes  absorb  chiefly  in  the  red 
and  might  therefore  also  be  expected  to  be  relatively  light.  Usually 
these  dyes  also  have  appreciable  absorption  in  the  blue  and  green  spec- 


fa) 

fa) 

fa) 


Luminous  Densities 
Concentration 

0.5  1.0  2.0  4.0 

0.19  0.36  0.62  0.92 

0.10  0.19  0.33  0.52 

0.32  0.64  1.22  2.00 


Fig.  10-8  Chromaticities  and  luminous  densities  with  CIE  Illuminant  C  of  the 
dyes  fa)  Alizarine  Rubinol  R,  (b)  Monastral  Fast  Blue  B  Soluble,  and  (c)  their 
mixtures.  Numbers  beside  the  points  indicate  concentrations  relative  to  those  given 

in  Fig.  10-4. 


tral  regions,  however,  and  therefore  are  often  as  dark  as  the  correspond¬ 
ing  concentrations  of  magenta  dyes.  The  relative  lightnesses  of  dyes  in 
mixtures  are  in  accordance  with  these  same  general  ideas.  Blues  ten 
to  be  decidedly  dark.  Reds  and  greens  are  considerably  lighter,  but 

not  as  light  as  yellows. 
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METHODS  OF  CALCULATION 

The  tristimulus  values,  X,  Y,  and  Z,  for  a  transmitting  dye  medium 
have  been  defined  as  (see  p.  65): 


X  = 


I 


xPT  dX 


fyPTdX  JzPTdX 

Y  = -  X  =  — 


(10-2^) 


v  P  dX 


j> 


yP  dX 


fyP 


yP  dX 


where  x,  y,  and  z  are  the  distribution  coefficients,  P  is  the  energy  flux 
of  the  illuminant,  and  T  is  the  transmittance  of  the  medium.  Each 
of  these  quantities  will,  in  general,  vary  as  a  function  of  wavelength, 
and  the  symbol  may  be  thought  of  as  representing  the  complete  spectral 
distributions.  The  trichromatic  coefficients  x  and  y  are  then  defined  as: 


x  =  X/(X  +Y+Z)  y  =  Y/(X  +  Y  +  Z)  (10 •  2b) 

I 

For  a  two-dye  mixture  let  us  assume  that  the  first  dye,  at  some  arbi¬ 
trarily  chosen  concentration,  has  a  spectral-transmittance  distribution 
given  by  Tx.  Multiples  of  this  concentration  will  be  indicated  by  cx. 
Then,  in  accordance  with  Beer’s  law,  if  a  constant  light  path  is  assumed 
the  transmittance  distribution  as  a  function  of  concentration  can  be 
represented  by  Tp1.  If,  for  example,  the  concentration  for  which  Tx 
was  taken  was  1  part  of  dye  in  30,000  parts  of  solution,  then  for  one 
part  in  15,000,  cx  would  equal  2.0,  and,  for  one  part  in  60,000,  cx  would 
equal  0.5. 

Similarly,  the  transmittance  distribution  as  a  function  of  concentra¬ 
tion  of  the  second  dye  would  be  given  by  T2C2.  Assuming  additivity 
of  densities  of  the  two  dye  solutions  when  mixed,  the  transmittance 
distribution,  T,  of  the  mixture  will  be  given  by  the  product  T  =  T1C^T2C2. 
As  a  general  representation  of  the  tristimulus  values  for  the  mixtures 
of  two  dyes,  equation  10-2 a  then  becomes: 


X  = 


f xPT^'TP  d\  (yPT{'T2 

fyP  dX  fyp  d } 


d  x 


z  = 


f 


SPTY'TV2  dX 


dx 


(10 -3a) 


Letting  x  +  y  +  z  =  m,  the  trichromatic  coefficients  x  and  y  will  be 
given  by: 


f  xPTi1  T2C2  dX  fyPTS1  T2Ci  dX 

J  mPTilT2Cl  dX  f  mPTfTf*  dX 


(10 -3£) 


Evaluation  of  the  integrals  of  equations  10-3  can  be  obtained  by  nu¬ 
merical  integration  from  tabulated  values  of  the  variables. 


CALCULATIONS  FOR  THREE-DYE  MIXTURES 

1  he  dye  sets  which  are  of  interest  for  color  photographic  systems  are 
those  which  can  be  combined  to  match  colors  of  all  hues,  each  through 
a  fairly  wide  range  of  saturations  and  brightnesses.  Such  a  set  has  been 
illustrated  in  Figs.  10-4  through  10-8.  For  these  dye  sets,  the  chroma- 
ticity  gamut  of  all  possible  mixtures  of  the  three  dyes  is  ordinarily  about 
the  same  as  the  total  gamut  for  the  three  dyes  taken  in  pairs.  The 
maximum  luminous  transmittance  possible  at  each  chromaticity  point 
is  that  for  the  corresponding  two-dye  mixture.  The  use  of  three  dyes 
simultaneously  leads  to  darker  colors  for  each  chromaticity. 

Assuming  that  Beer’s  law  can  be  applied  and  that  a  constant  length 
of  light  path  is  used,  the  transmittance  T  for  the  three-dye  mixture  is 
given  by  T  =  TiciT2C2T3%  where  Tlf  T2,  and  T3  are  the  transmittance 
distributions  of  arbitrarily  chosen  concentrations  of  the  three  dyes,  and 
Ci,  c2,  and  c3  indicate  multiplying  factors  for  these  concentrations. 
Tristimulus  values  and  trichromatic  coefficients  are  then  given  by: 


X  = 


j'xPTi1T2C2T3ct  dX  J 'jPTfTf'Tf'  dX 


J yP  dX  f  yP 

^zPT^T^T^  dX 
JyPdX 


dX 


Z  = 


(10-4«) 


and 


fxPTlclT2C2T3c*  dX  f yPTilT2C2T3ca  dX 

d _ y  = - - 

f  m/>7Y'7Y*7V  d\  J  ’mPTS'Ti-Ts"  d\ 
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X 


(10-4  b) 


The  various  symbols,  other  than  those  just  mentioned,  were  defined 

m  Dye  PsetseofntheeCtype^  with  which  we  are  concerned  can  be  mixed 
at  various  concentrations  in  suitable  proportions  to  form  a  neutral  or 
achromatic  color.  Such  a  mixture  does  not  alter  the  r, chromatic 
coefficients  of  the  light  from  the  illuminant  by  which  it  ^  viewed. 
Suppose  that  the  multiplying  factors  for  the  concentrations  of  the  three 
dyes  which  will  form  a  neutral  are  c/,  c2\  and  c3'.  1  hen  the  transmit¬ 

tance  of  this  combination,  T„,  is  given  by 

Tn  =  T1c1'T2C2'T3C3'  (10  *  5<a) 

The  corresponding  tristimulus  values  X„,  Yn,  and  Z„  and  trichromatic 
coefficients  x„  and  yn  are  then  given  by 


X*  = 


J* xPTn 


dX  J yPTn 

Yn  = 


dX 


Zn  — 


/ 


zPTn  d\ 


and 


fyPdX  JyPdX  JyP 


(10  -Sb) 


dX 


C xPTn  d\  JyPPn 


d\ 


X  n  — 


yn  = 


J* mPTn  d\  J  mPTn  d\ 


(10  -Sc) 


The  tristimulus  values  of  the  illuminant,  with  a  100  percent  transmitting 
medium,  are  given  by  X0,  Y0,  and  Z0,  where 


J xP  d\  fyP 

x0  =: -  y0  = 


d\ 


Syp 


=  1  Z0  = 


f 


zP  d\ 


(10  -Sd) 


d\ 


d\ 


fyP  d\  fyp 

with  corresponding  definitions  of  the  trichromatic  coefficients  x0  and  y0. 
If  Tn  is  to  give  a  neutral  color,  it  then  follows  that 


=  kX0  Yn  =  kY0  Zn  = 


hZr 


xn  —  X0  yn  —  jy0 

where  k  is  a  constant  whose  value  is  between  0  and  1. 

There  are,  of  course,  a  whole  series  of  values  for  c/,  c2',  c3'  and, 
consequently,  distributions  of  Tn  for  which  equations  10-5  hold.  Each 
different  member  of  this  series  will  give  a  different  value  of  k  If  the 
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concentrations  are  low,  k  will  be  approximately  1.00,  and  the  neutral 
will  be  .a  light  gray  or  a  white.  If  the  concentrations  are  high,  k  will 
be  closer  to  zero,  and  the  neutral  will  be  dark  gray  or  black.  For  any 
arbitrarily  chosen  value  of  one  of  the  concentrations,  say  c/,  it  will  be 
possible  to  find  values  for  c 2  and  c3  which  will  give  the  neutral. 
Furthermore,  these  values  are  unique — no  other  values  (for  the  same 
value  of  Ci')  will  give  a  neutral. 

It  is  sometimes  convenient  to  modify  the  form  of  expressing  the 
transmittance  distribution  T  from  T  =  T1ciT2C2T3c3  to  one  which  indi¬ 
cates  that  it  can  be  considered  as  the  product  of  a  neutral  and  a  non¬ 
neutral  distribution.  The  neutral  portion  may  be  given  as  T„  where 
Tn  =  T^'To^Ta^'.  Then 


where 


T  =[T1CIT2C2T3CZ  =  TnTiq'T29iT393  (10- 6a) 


q\  —  c\  —  c\  q2  —  c2  —  c2  q3  —  c3  c3  (10  -  6<^) 


Let  us  now  assume  that  the  set  of  values  chosen  for  c/,  c2',  c3'  is 
such  that  either  q u  q2,  or  c/3  is  zero  and  that  the  remaining  two  are 
either  zero  or  positive.  For  any  given  values,  cx,  c2,  and  c3,  there  is  one, 
and  only  one,  such  choice.  Suppose  that,  in  a  particular  case,  qx  —  0. 
Then 

T  =  TnT2qiT3qs  (10  -6c) 

and  the  tristimulus  values  and  trichromatic  coefficients  are  given  by 


X  = 


jxPTnT2q,T3n  il\  j  vPT„T/,!r: 


Jx 


f yP  d\  JyP 

f  zPTnTtnTzn  d\ 


yP  dX 


z  = 


f 


(10-  6^) 


yP  dX 


f xPTnTz'Ts'  d\  fyPT„T.r-T-,'n  d\ 

X  =  1 - - -  7  =  ^ -  (10-6f) 

J  mPT„7’2nT3v  dX  J  mPr„  r;l:Tj'n  d\ 

In  other  special  eases  for  either  cj3  =  0  or  (/::  =  0,  1-P-J  3'-'  would  be 
replaced  by  'IV1  TV3  or  TV1 7  21-. 
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SELECTIVE  AND 


NONSELECT IVE  NEUTRALS 


Equations  10-5  give  the  requirements  for  a  neutral  dye  mature  drs- 
tribution  T  For  any  set  of  three  dyes  there  will  be  a  unique  distubu 
tion  of  T.  for  each  value  of  the  luminous  transmittance ^(Y „  m ^equa  ion 
10-56  or  its  negative  logarithm,  luminous  density).  Different  sets  o 
dyes  may,  however,  give  quite  different  distributions.  Figure  10-9  shows 


Fig.  10-9  Spectral  densities  of  several  dye  combinations  which,  with  CIE  lllumi- 
nant  C,  are  neutral. 


some  of  these  possibilities.  Each  density  curve  is  neutral  to  CIE 
Illuminant  C,  and  each  has  a  luminous  density  of  1.72.  The  broken 
straight  line,  parallel  to  the  wavelength  axis,  is  called  a  nonselective 
neutral.  It  indicates  equal  absorption  at  all  wavelengths  of  the  visible 
spectrum.  Each  of  the  other  distributions  is  “selective.”  They  have 
unequal  absorptions  at  different  wavelengths,  even  though  as  a  whole 
each  is  neutral  to  the  particular  illuminant.  The  concepts  of  selective 
and  nonselective  neutrals  are  of  great  importance  in  understanding 
many  aspects  of  color  photographic  theory  and  practice. 

Suppose,  for  example,  that  Tn  in  equation  10  -6d  is  a  nonselective 
neutral.  As  its  value  is  constant,  independent  of  wavelength,  it  can 
be  placed  outside  the  integral  sign.  This  gives 
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AT  = 


",  JxP'Wi 


7V"  d\ 
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vP  dX 


Z  = 


zPT2Q2T3qz  dX 


dX 


x 


f  xPT2q-T3q3  dX 
J wPT2Q2T3qz  dX 


y  = 


j yPT2q2T3qz  dX 
J  mPT22T3z  dX 


(10-7*) 


(10  •  7^) 


These  equations  indicate  that  the  removal  of  nonselective  neutral  den¬ 
sity  from  a  three-dye  mixture  up  to  amounts  which  reduce  it  to  give 
a  two-dye  mixture  changes  all  three  tristimulus  values  by  a  constant 
factor  and  does  not  alter  the  trichromatic  coefficients.  The  luminous 
transmittance  of  any  three-dye  mixture  with  a  nonselective  neutral 
equals  that  of  the  two-dye  mixture,  multiplied  by  the  transmittance 
of  the  neutral  portion. 

In  all  cases  in  practice  the  neutral  is  selective,  corresponding  to  some 
curve  other  than  the  straight  line  in  Fig.  10-9.  Strictly  speaking,  under 
such  conditions  Tn  cannot  be  taken  outside  the  integral  sign  and  equa¬ 
tions  10-7  do  not  apply.  Removal  of  T„  from  the  integrals,  in  other 
words,  alters  the  trichromatic  coefficients  and  alters  the  three  tristimulus 
values  by  slightly  different  factors.  The  departures  of  the  neutral  from 
nonselectivity  are  usually  not  large,  however,  and  the  assumptions  made 
in  equations  10-7 a  and  10-7 b  have  sufficient  accuracy  for  most  purposes. 


GAMUTS  OF  THREE-DYE  MIXTURES 

Chromaticity  loci  as  functions  of  concentration  for  mixtures  in  pairs 
of  three  dyes  were  given  in  Figs.  10-6,  10-7,  and  10-8.  These  loci 
together  constitute  the  chromaticities  which  can  be  obtained  with  the 
various  possible  combinations  of  three  dyes,  no  combination  of  which 
includes  a  neutral  component.  Equations  in  the  form  of  10 ‘6e  apply 
with  Tn  =  1.00. 

The  cyan,  the  magenta,  and  the  yellow  chosen  for  the  illustrations 
give  mixtures  which  cover  essentially  the  whole  of  the  chromaticity 
diagram.  This  is  not  a  unique  characteristic;  most  sets  of  dyes  which 
include  a  cyan,  a  magenta,  and  a  yellow  will  do  the  same.  The  particu- 


far  shapes  of  the  spectral  curves  for  constant  dye  proportions  and  increas¬ 
ing  concentration^  are  unique;  a  change  in  the  spectrophotometnc  eurv 
of§any  dye  would  alter  the  curves  corresponding  to  mixtures  in  u 

this  dye  is  included. 
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10-10 

Chromaticity  loci  with 

CIE  Illuminant  C  of  (a) 

single- 

and  two  dye 

combinations  of  the  three  dyes  Tartrazine,  Alizarine  Rubinol  R,  and  Monastral  Fast 
Blue  B  Soluble,  and  ( b )  chromaticity  loci  of  the  same  dyes  with  the  added  dye- 
mixture  neutral  of  density  1.00. 


A  second  unique  characteristic,  and  probably  one  of  greater  impor¬ 
tance,  is  that  of  the  luminous  transmittance  associated  with  each 
chromaticity  of  the  dyes  taken  in  pairs.  This  is  of  importance  be¬ 
cause  it  sets  the  upper  limit  for  luminous  transmittance  at  each 
chromaticity  point  for  the  three-dye  mixture.  The  three  dyes  can  be 
mixed  to  produce  darker  colors,  but  none  which  are  lighter.  These 
transmittances  are  also  important  as  indicators  of  the  effective  gamut 


of  the  three-dye  mixtures.  Although  almost  any  point  on  the  chroma- 
ticity  diagram  can  be  reached  by  some  combination  of  the  dyes,  the 
required  concentrations  for  some  of  the  more  saturated  colors  may  be 
so  high  that  in  actual  appearance  the  colors  will  depart  very  little  from 
black.  High  purity,  as  indicated  by  a  chromaticity  plot,  would  in  such 
cases  have  very  little  meaning.  More  important,  therefore,  than  the 
total  gamut  which  a  dye  system  will  cover  is  the  highest  lightness  at 
which  a  given  chromaticity  can  be  obtained.  A  large  gamut  is  desirable 
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Fig.  10-11  The  spectral  densities  of  the  dyes  (a)  Monastral  Fast  Blue  B  Soluble, 
(b)  Alizarine  Rubinol  R,  (c)  Tartrazine,  and  (d)  their  combination  which  is  neutral 
to  CIE  Illuminant  C  and  has  a  luminous  density  of  1 .00. 

only  if  it  can  be  reached  at  luminous  transmittances  high  enough  to 
be  visually  effective. 

One  method  sometimes  employed  in  indicating  a  dye-systein  gamut 
is  to  find  the  loci  of  all  chromaticity  points  having  some  minimum 
fixed  value  for  luminous  transmittance.  This  is  the  same,  of  course, 
as  a  given  maximum  value  for  luminous  density.  In  photographic 
systems,  however,  luminous  transmittance  is  not  a  directly  controllable 
variable.  A  more  convenient  unit  is  one  which  is  proportional,  at  least 
roughly,  to  dye  concentration.  For  any  chosen  maximum  concentration 
value,  perhaps  different  for  each  dye,  a  gamut  can  be  easily  established. 
The  associated  luminous-transmittance  values  can  also  be  determined. 
For  purposes  of  comparison,  the  same  procedure  can  be  repeated  for 
any  other  set  of  dyes.  When  this  is  done,  both  the  chromatic  extension 
and  the  luminous  transmittances  of  the  points  must  be  taken  into 

account.  .  .  . 

The  broken-line  curves  of  Fig.  10-10  give  the  loci,  as  functions  of  con¬ 
centration,  of  the  dyes  Tartrazine,  Alizarine  Rubinol  R,  and  Monastral 
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Fast  Blue  B  Soluble,  and  of  some  of  their  mixtures  The  outer-bounding 
curve  indicates  the  maximum  purities  obtainable  for  each  dommm 
wavelength  for  the  limiting  concentrations  chosen,  which  are  four  times 
those  illustrated  in  Fig.  10-4.  The  spectrophotometnc  curve  for  the 
neutral  for  these  three  dyes  at  a  luminous  density  of  1.00  is  given  in 
Fig.  10-11.  When  this  neutral  density  is  added  to  the  dye  mixtures 
already  referred  to,  the  resulting  chromaticities  are  those  illustrated  by 
the  solid-line  curves  of  Fig.  10-10.  As  the  neutral  is  selective,  shifts 
in  chromaticity  result.  In  general,  they  are  of  small  magnitude. 


REF  I.  ECTION  COLORIMETRIC  CHARACTERISTICS 

The  principles  necessary  to  analyze  the  colorimetric  characteristics  of 
colorant  mixtures  as  seen  by  reflected  light  have  already  been  developed. 
Because  reflection  densities  of  individual  dyes  cannot  be  added  to  give 
the  density  of  the  mixture,  it  is  evident  that  the  family  of  curves 
obtained  on  a  chromaticity  diagram  for  a  two-dye  mixture  will  not 
be  the  same  for  reflection  as  it  is  for  transmission.  In  general,  for  all 
dye  mixtures  the  equivalent  purities,  when  obtainable,  will  be  at  lower 
luminances  and  the  equivalent  luminances  at  lower  purities.  This  deg¬ 
radation  of  color  is  made  even  worse,  if  appreciable  surface  reflectance 
is  included  in  the  light  beam  which  is  viewed  or  measured.  The  gen¬ 
eral  effect  of  the  surface  reflectance  is  to  yield  a  maximum  purity  for 
some  given  concentration  of  the  combination  of  the  dyes.  For  concen¬ 
trations  higher  than  this  value,  the  purities  are  reduced.  This  effect 
was  illustrated  in  Fig.  9-28. 


Dye  Characteristics  as  Related  to  Color  Photography 

Three-color  subtractive  photographic  processes  commonly  make  use 
of  a  cyan,  a  magenta,  and  a  yellow  dye.  There  are,  of  course,  large 
numbers  of  each  of  these  types  of  dyes.  The  names  do  not  characterize 
them  uniquely,  either  spectrally  or  colorimetrically. 

Any  attempt  at  a  precise  formulation  of  the  desirable  colorimetrical 
properties  of  photographic  dye  mixtures  immediately  raises  the  question 
of  what  constitutes  the  "ideal  dye  system.”  As  the  known  real  dyes 
make  up  only  a  limited  domain  of  the  variety  of  hypothetical  dyes  whose 
spectrophotometric  curves  can  be  arbitrarily  drawn,  there  is  also  the 
related  question  of  what  criterion  can  be  employed  in  determining 
which  dye  set  of  the  various  possibilities  is  superior.’  Persons  interested 
in  the  theoretical  aspects  of  color  photography  have  struggled  with 
these  questions  for  many  decades,  but  without  finding  answers  which 
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are  completely  satisfactory.  Nevertheless,  many  of  the  factors  which 
must  be  taken  into  account  in  seeking  answers  to  the  questions  are 
known.  These  are  usually  sufficient  in  practice  to  enable  selections 
among  the  possible  choices. 


SPECTRAL  REQUIREMENTS 


The  visual  color  which  a  substance  has  at  some  given  concentration 
is  not  indicative  of  its  spectral  characteristics.  Only  from  the  spectral 


Fig.  10*12  Transmittances  of  two  hypothetical  yellow  dyes  of  types  (A)  satisfactory 
for  use  in  color  photography  and  (B)  unsatisfactory  for  color  photography. 


absorptions  can  predictions  be  made  of  the  colors  of  a  dye  at  various 
concentrations  or  in  combination  with  other  dyes.  The  spectral  char¬ 
acteristics  of  a  dye  are  therefore  of  primary  importance  in  considering 

its  suitability  for  color  photography. 

A  cyan  dye  should  be  one  with  relatively  high  absorption  m  the 

red,  and  low  absorption  in  the  blue  and  green  regions  of  the  spectrum. 
It  thus  would  control  the  amount  of  red  light  passing  through  any 
dye  mixture  but  would  have  little  influence  on  the  blue  and  green  light. 
The  magenta  dye  should  control  the  green  light,  having  high  green 
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absorption  and  low  blue  and  red  absorptions  The  yellowdye  should 
have  high  blue  absorption  and  low  green  and  red  absorption. 

Departures  from  these  general  characteristics  lead  to  undesirable  prop- 
erties1  in  the  dye  sets.  Such  effects  may  be  illustrated  by  means  o 
the  two  hypothetical  yellow  dyes,  whose  transmittance  distributions 
are  illustrated  in  Fig.  10-12.  For  the  concentrations  illustrated  these 
two  dyes  have  the  same  chromaticity.  Dye  A,  however,  has  high  blue 


Fig.  10-13  Chromaticity  plots  as  functions  of  concentration  for  Dye  A  and  for  Dye 
B  of  Fig.  10-12. 


absorption  and  low  and  fairly  constant  green  and  red  absorption.  Dye  B 
has  low  absorption  in  the  yellow,  but  differs  in  curve  shape  markedly 
from  curve  A  in  that  it  has  high  red  absorption  and  low  absorption 
in  the  far  blue. 

Chromaticity  plots  of  these  two  dyes  with  changes  in  concentrations 
are  shown  in  Fig.  10-13.  The  two  dyes  give  plots  which  are  nearly 
superimposed. 

1  he  distinction  between  the  two  dyes  is  much  more  apparent  when 
they  are  mixed  with  other  dyes.  Chromaticity  plots  illustrating  such 
mixtures  are  given  in  Fig.  10-14  and  Fig.  10-15.  Dye  A  is  shown  in 
Fig.  10-14  in  combination  in  various  proportions  and  concentrations 
with  the  magenta  dye  Alizarine  Rubinol  R.  Corresponding  plots  with 

Dye  B  are  shown  in  Fig.  10-15.  The  gamut  for  the  same  concentrations 
is  much  more  restricted. 
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As  has  already  been  indicated,  the  general  spectral  characteristic 
necessary  for  a  dye  to  be  useful  in  three-color  subtractive  photography 
is  that  it  have  high  transmittance  in  approximately  two-thirds  of  the 


Fig.  10-14  Chromaticity  plots  for  mixtures  of  Dye  A  illustrated  in  Fig.  10-12  and 
Alizarine  Rubinol  R. 

visible  spectrum,  and  high  absorption  in  the  remaining  third.  This 
would  suggest  a  broad  and  rather  flat  top  in  the  region  of  greatest 
absorption,  with  very  rapid  decreases  to  zero  absorption  outside  this 


Fig.  10-15  Chromaticity  plots  for  mixtures  of  Dye  B  illustrated  in  Fig.  10-12  and 
Alizarine  Rubinol  R. 

region  No  known  dyes  have  such  spectral-absorption  curves.  The 
peaks  are  rounded  and  the  sides  of  the  absorption  bands  are,  m  nearly 
all  cases,  gradual. 
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A  tvpical  set  of  dyes  is  illustrated  in  Fig.  10-16.  The  slope °f 
side  of  the  absorption  band  is  usually  more  gradual  on  the  short- 
wavelength  side  than  on  the  long-wavelength  side.  In  addition,  tra 
mission  on  the  short-wavelength  side  of  the  absorption  band  is  usually 


Fig.  10-16  Spectral  densities  of  a  typical  set  of  dyes  used  in  color  photography. 

not  so  great  as  on  the  long-wavelength  side.  This  means  that,  in 
general,  magenta  dyes  have  more  absorption  in  the  blue  than  in  the 
red,  and  cyans  have  considerable  absorption  in  the  blue  and  green. 

Many  dyes  have  recurring  maxima  in  their  absorption  peaks.  That 
is,  they  will  absorb  in  one  spectral  region,  transmit  in  an  adjoining 
region,  and  then  absorb  again  in  the  next  region.  For  most  yellow  and 
magenta  dyes  the  secondary  regions  of  absorption  lie  beyond  the  visible 
portions  of  the  spectrum.  Most  cyan  dyes,  however,  have  a  point  of 
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minimum  absorption  in  the  green  and  increase  in  absorption  at  shorter 
wavelengths.  The  actual  peaks  of  these  parts  of  the  absorption  curves 
are  usually  in  the  ultraviolet,  but  the  rises  in  absorptions  in  the  blue 
are  sufficient  to  affect  the  colors  obtained  in  mixtures  with  other  dyes. 

While  different  dyes  vary  considerably  among  themselves,  a  few 
general  conclusions  concerning  spectral  absorptions  of  dyes  useful  in 
three-color  photography  can  be  made.  These  are  based  on  the  dis¬ 
cussion  just  presented. 


Fig.  10-17  Spectral  densities  of  several  yellow  dyes  of  the  type  used  in 
photography. 


color 


Yellow  dyes.  Several  typical  yellow  dyes  used  in  color  photography 
are  illustrated  in  Fig.  10-17.  As  is  evident  from  the  figure,  yellow  dyes 
can  be  found  with  little  absorption  on  the  long-wavelength  sides  of  the 
absorption  peaks.  Absorptions  on  the  short-wavelength  side  are  unim¬ 
portant  because  they  are  in  the  region  of  the  ultraviolet.  Yellow  dyes 
can  be  found,  therefore,  which  are  very  satisfactory  spectrally  for  color 

photography. 

Magenta  dyes.  Density  curves  for  several  magenta  dyes  are  given  in 
Fig.  10-18.  These  dyes  can  be  found  with  little  absorption  in  the  red, 
but  usually  have  too  much  absorption  in  the  blue.  A  further  difficu  ty 
is  that  of  obtaining  a  dye  with  a  broad  peak  of  absorption  in  the  green. 
Broad  peaks  can  be  obtained,  but  usually  the  same  dyes  have  absorp¬ 
tions  which  extend  too  far  into  the  red  and  blue  The  chief  problem 
is,  therefore,  to  find  dyes  with  broad  enough  peaks  of  absorption,  anc 
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Fig.  10-18 
photography. 


Fig.  10-19 
tography. 


Spectral  densities  of  several  magenta  dyes  of  the  type  used  in  color 


Spectral  densities  of  several  cyan  dyes  of  the  type  used  in  color  pho- 
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at  the  same  time  with  fairly  sharp  slopes,  particularly  on  the  short- 
wavelength  side. 

Cyan  dyes.  As  illustrated  in  Fig.  10-19,  cyan  dyes  with  broad  ab¬ 
sorption  peaks  extending  deep  into  the  red  end  of  the  spectrum  can  be 
found.  Generally,  however,  they  have  high  green  absorption.  Their 
density  curves  often  also  rise  again  in  the  blue,  showing  excessive  blue 
absorption.  Some  cyan  dyes  which  have  other  desirable  properties  have 
far-red  transmittance.  This  transmittance  is  usually  of  little  impor¬ 
tance  at  low  concentrations,  but  it  may  be  of  importance  for  the  darker 
colors.  It  will,  for  example,  cause  the  colors  which  should  be  dark  gray 
or  black  to  become  reddish.  Of  the  three  types  of  dyes,  cyan  dyes 
have  the  least  satisfactory  spectral-absorption  characteristics. 

IDEALIZED  COLORANT  SYSTEMS 

In  the  development  of  subtractive  color  photographic  processes, 
knowledge  and  theory  relative  to  additive  color  photography  have  fre¬ 
quently  been  relied  upon.  As  will  be  seen  in  later  chapters,  the  theory 
of  subtractive  color  reproduction  becomes  a  special  case  of  additive 
color  reproduction  theory,  provided  that  the  three  subtractive  dyes  are 
ones  which  absorb  uniformly  in  one-third  of  the  spectrum  and  transmit 
100  percent  in  the  remainder.  Such  dyes  are  commonly  called  “block 
dyes.”  Selection  of  the  exact  limits  for  the  absorbing  and  transmit¬ 
ting  regions  is  subject  to  analysis  from  additive  considerations.  A  hypo¬ 
thetical  dye  set  of  this  type  is  illustrated  in  Fig.  10-20.  No  real  dyes 
are  known  which  even  approximate  these  distributions.  The  curves 
have  been  referred  to  frequently  as  those  characterizing  the  “ideal  dye 
system.”  The  usage  of  such  a  term  is  unfortunate  because  it  has  not 
been  established  that  such  dyes  would  be  superior  to  any  others  which 
could  be  chosen.  The  dyes  are  ideal  in  that  they  follow  the  rules  of 
additive  color  mixture  and  also  in  that  they  are  coloiants  which  give 
maximum  luminance  for  any  chromaticity  (MacAdam,  193 5a).  As  will 
be  shown  later  (see  p.  403),  they  are  not  necessarily  most  satisfactory  for 

use  in  three-color  subtractive  photography. 

Most  real  dyes  differ  from  the  ideal  block  dyes  of  the  type  wine  i 
has  been  illustrated  in  that  they  have  some  absorptions  throughout  the 
spectrum.  This  is  particularly  true  of  cyan  and  magenta  dyes.  For 
yellow  dyes  the  absorption  in  the  green  and  red  regions  is  often  neg¬ 
ligible.  In  attempting  to  find  hypothetical  dyes  which  simulate  real 
dyes  but  which  at  the  same  time  can  be  more  easily  handled  in  comput- 
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ing,  recourse  is 
in  Fig.  10-21. 
spectral  regions 
are  sometimes 


sometimes  made  to  types  of  hypothetical  dyes  illustrated 
Each  of  these  dyes  has  its  major  absorption  in  one  ot  the 
and  has  lesser  absorptions  in  other  regions.  These  dyes 
referred  to  as  block  dyes  with  unwanted  absorptions. 
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Fig.  10-20  Spectral  densities  of  a  set  of  hypothetical  dyes,  each  of  which  absorbs 
uniformly  in  one  spectral  region. 

These  dyes  do  not  differ  so  much  from  real  dyes  as  do  the  block  dyes 
previously  illustrated. 

One  of  the  chief  factors  taken  into  account  in  considering  any  dye 
set  is  its  chromaticity  gamut.  The  larger  the  gamut  and  the  higher  the 
luminous  reflectance  or  transmittance  for  any  chromaticity,  other  fac¬ 
tors  being  equal,  the  more  desirable  is  the  dye  set.  As  already  pointed 
out,  MacAdam  (see  p.  356)  has  shown  that  the  highest  luminance  for 
any  given  chromaticity  or  the  highest  purity  for  any  dominant 

397 


wave- 


length  and  luminance  is  obtainable  by  means  of  a  block-type  dye.  It 
should  be  noted,  however,  that  to  cover  a  wide  gamut  this  implies  not 
a  single  set  of  three  dyes,  but  large  numbers  of  dyes  whose  limits  of 
absorption  and  transmittance  vary  continuously  through  all  the  possible 
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Fig.  10-21  Spectral  densities  of  a  set  of  hypothetical  dyes,  each  of  which  absorbs 
uniformly  in  each  of  three  spectral  regions. 

wavelength  combinations.  Of  greater  interest  to  those  designing  a  sys¬ 
tem  for  matching  large  numbers  of  colors  with  a  three-dye  mixture  is 
the  question  of  what  single  set  of  three  dyes  will  make  possible  the 
highest  luminous  transmittance  at  each  chromaticity  and  the  lug  les 
purity  for  each  luminous-transmittance  value  and  dominant  wavelengt  i. 

In  Fig.  10-22  are  shown  three  sets  of  hypothetical  dyes  whose  chro- 
maticity  gamuts  have  been  studied  by  Clarkson  and  Vickerstaff  (1948). 
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Those  illustrated  in  (a)  are  of  the  standard  “block  type”  with  limits  for 
the  absorption  of  the  yellow  dye  at  400  to  490  m*»,  for  niagen 
580  m*  and  for  cyan  580  to  700  m,.  These  limits  were  chosen  because 
they  were  believed  to  give  the  largest  chromaticity  gamut.  The  dye  sets 
illustrated  in  (b)  and  (c)  have  linear  but  sloping  sides.  In  Fig.  10-2i 
the  chromaticity  plots  corresponding  to  luminous  reflectances  of  0.  , 
0.2,  0.4,  and  0.8  are  shown.  For  the  higher  reflectances,  the  bloc  ype 
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Fig.  10-22  Hypothetical  dyes  of  Clarkson  and  Vickerstaff,  showing  sloping  sides: 
(a)  “block  dyes,”  (b)  steep  slope,  (c)  gradual  slope  (Clarkson  and  Vickerstaff,  1948). 


gives  a  slightly  larger  gamut;  for  most  dominant  wavelengths  it  exceeds 
in  purity  the  purities  of  the  other  dyes.  The  converse  is  true  for  the 
lower  luminous  reflectances.  In  this  case,  for  almost  all  dominant 
wavelengths,  the  purities  of  the  dyes  with  sloping  sides  exceed  those 
possible  with  the  block-type  dyes.  The  absolute  limit  in  purity  for  the 
block-type  dye  is  also  somewhat  less,  for  all  dominant  wavelengths,  than 
it  is  for  the  dyes  with  sloping  sides. 

Clarkson  and  V  ickerstaff  also  studied  block-type  dyes  with  un¬ 
wanted  absorptions.  These,  along  with  the  corresponding  dyes  with¬ 
out  unwanted  absorption,  are  illustrated  in  Fig.  10-24.  The  chroma¬ 
ticity  gamuts  of  these  dyes  for  20  percent  luminous  reflectance  are 
shown  in  Fig.  10-25.  In  regions  in  which  unwanted  absorptions  exist 
these  absorptions  greatly  reduce  the  purities  possible  for  a  given  dom- 
inant  wavelength  and  luminous  reflectance. 
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Fig.  10-23  Chromaticity  plots  illustrating  gamuts  of  the  three  types  of  dyes  illus¬ 
trated  in  Fig.  10-22  (Clarkson  and  Vickerstaff,  1948). 
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Fig.  10-24  Hypothetical  dyes  of  Clarkson  and  Viekerstaff,  showing  unwanted  ab¬ 
sorptions  (Clarkson  and  Viekerstaff,  1948). 


Fig.  10-25  Chromaticity  plot  for  20  percent  lightness  level  of  Clarkson  and  Yicker 
staff  rectangular  hypothetical  dyes  (Clarkson  and  Viekerstaff,  1948). 
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In  terms  of  colorimetric  gamuts,  it  appears  to  be  reasonable  to  con¬ 
clude  that  any  uniform  absorption  of  a  dye  throughout  the  spectrum  is 
undesirable.  In  all  cases  such  absorption  tends  to  limit  the  maximum 
possible  luminous  reflectance  which  can  be  obtained  for  any  chroma- 
ticity  of  the  dye  by  itself,  or  in  mixtures  with  other  dyes.  Aside  from 
this  generalization,  there  is  little  definitely  established  about  what  char¬ 
acteristics  are  most  desirable. 


GENERAL  REFERENCE 

(See  p.  677  for  full  citation) 
Evans,  1948,  Chapter  XVII 
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Measurement  of  Density 


CHAPTER  XI 


ENSITY  measurements  are  essential  in  almost  all  phases  of  the 


JL-/  study  and  practice  of  color  photography.  They  are  used  exten¬ 
sively  in  research  in  working  out  new  color  processes,  in  improving 
those  already  established,  and  in  maintaining  quality  standards  on  pho¬ 
tographic  materials  manufactured  and  sold.  They  are  also  used  in 
determining  the  particular  values  of  the  numerous  parameters  involved 
in  processing  color  photographs,  including  exposure  times,  develop¬ 
ment  times,  and  the  relative  concentrations  of  the  components  of  vari¬ 
ous  developing  solutions. 


The  final  criterion  in  the  study  of  any  process  for  making  pictures 
is  the  visual  appearance  of  the  result.  Since  they  are  less  subject  to 
individual  observer  interpretation  and,  to  some  extent,  can  be  related 
to  controllable  variables  of  the  process,  density  measurements  provide 
a  most  important  supplement  to  direct  visual  analysis.  It  should  not 
be  forgotten,  however,  that  density  measurements  supplement  direct 
visual  analysis;  they  cannot  supersede  or  replace  it. 

'Fhe  study  of  density  measurements,  or  densitometry,  is  but  one 
phase  of  the  more  inclusive  field  of  sensitometry,  in  which  density 
values  are  related  functionally  to  the  exposure  and  development  condi¬ 
tions  which  give  rise  to  them.  The  number  of  new  concepts  involved 
in  considering  density  measurements  is  rather  large.  Since  these  con¬ 
cepts  are  fundamental  to  all  scnsitometric  descriptions,  they  will  be 
considered  in  detail  in  this  chapter. 
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basic  definitions 

As  indicated  in  Chapter  V  (p.  189),  the  transmittance,  Tx,  of  any 
sample  at  wavelength  A  is  given  by 


where  P „  is  the  radiant  flux  of  wavelength  A  reaching  a  receiver  without 
the  sample  in  the  beam  path,  and  P,  is  the  flux  at  this  same  wavelength 
transmitted  by  the  sample  and  reaching  the  receiver.  The  transmit- 
tance,  T,  for  a  sample  is  given  by 


T  = 


f 


P0Txs  d\ 


J  P0s  d\ 


(11  •  1^) 


where  Tx  and  P0  arc  as  defined  above,  and  s  is  the  sensitivity  distribu¬ 
tion,  as  a  function  of  wavelength,  A,  of  the  receiver.  If  the  receiver  is 
the  eye,  the  distribution  s  becomes  that  of  the  luminosity  function. 
The  receiver,  however,  may  be  a  photoelectric  cell,  a  photographic  film, 
or  any  other  light-sensitive  material  or  device.  The  distribution  s  must 
be  defined  for  the  particular  situation  in  which  it  is  to  be  used,  the 
value  of  T  obtained,  of  course,  holding  only  for  this  situation. 

The  opacity,  O,  of  any  transmitting  sample  is  defined  as  O  =  1/T. 
The  density  of  the  sample  is  defined  as  D  =  log  O,  or 


D  =  -  log  T  (lMr) 

A  similar  set  of  definitions  applies  for  the  case  of  reflection.  The 
reflectance,  R,  corresponds  to  T  as  defined  above,  except  that  the  radiant 
energy  reaches  the  receiver  by  reflection  from  the  sample.  The  flux 
reaching  the  receiver  for  100  percent  reflectance  is  that  from  a  surface 
which  is  usually  assumed  to  be  completely  reflecting  and  completely 
diffusing.  A  surface  of  magnesium  oxide  usually  serves  as  the  standard. 
1  o  distinguish  between  the  two  types  of  density  involved  in  these  defi¬ 
nitions,  the  first  is  called  transmission  density,  and  the  second,  reflection 
density. 

The  definitions  of  specular,  diffuse,  and  doubly  diffuse  density,  given 
in  Chapter  V,  apply  equally  to  color-density  measurements.  With  a 
few  exceptions,  however,  dye  images  scatter  light  to  a  lesser  extent  than 
do  silver  images,  and  the  distinction  among  density  types  is  not  so 
important. 
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As  is  indicated  by  their  definitions,  transmittance,  opacity,  and  density 
are  all  related;  if  the  value  of  one  is  known,  the  others  can  be  obtained 
by  direct  computation.  Density  will  be  given  the  chief  attention  in 
this  chapter  because  it  is  in  this  form  that  measurements  of  absorption 
and  attending  phenomena  are  most  frequently  used  in  color  pho¬ 
tography. 


COLOR-DENSITY  TYPES 


Density  measurements  arc  made  for  two  main  purposes:  (1)  to  deter¬ 
mine  the  effect  of  an  image  on  incident  radiation,  and  (2)  to  analyze 
the  image  in  terms  of  its  component  colorants.  These  two  distinct 
problems  have  led  to  two  different  classes  of  color  densitometry:  integral 
densitometry  and  analytical  densitometry.  Integral-density  measure¬ 
ments  are  used  to  determine  certain  aspects  of  the  effects  which  the 
image  will  have  on  a  light  beam  which  passes  through  it.  Measure¬ 
ments  of  analytical  density  are  designed  to  determine  the  composition 
of  the  image  in  terms  of  its  component  absorbers,  such  as  the  cyan, 
magenta,  and  yellow  dyes  which  together  form  the  image. 

Each  of  these  classes  is  further  divisible  into  subtypes.  The  types 
of  chief  importance  are  shown  in  the  table  of  Fig.  11-1.  They  will  be 
dealt  with  at  greater  length  in  later  sections  of  this  chapter. 


Figure  11  T 

Integral  Densities 

1.  Spectral  densities. 

2.  Filter  densities. 

3.  Colorimetric  densities. 

4.  Printing  densities. 

Fig.  11-1  Chief  types  of  color  photographic  densities. 

The  methods  of  measuring  the  various  kinds  of  color  density  may  be 
quite  different.  There  arc  a  number  of  instruments  for  making  each 
type  of  measurement,  and  these  instruments  vary  a  great  deal  in  design 
and  in  operation.  Before  dealing  with  any  of  the  specific  instruments 
it  is  desirable  to  discuss  the  basic  types  and  their  components. 


Analytical  Densities 

1.  Spectral  analytical  densities. 

2.  Equivalent  neutral  densities. 

3.  Equivalent  neutral  printing  densi¬ 
ties. 


Types  and  Essential  Components  of  Density-Measuring  Instruments 

An  instrument  for  measuring  density  is  a  visual  densitometer,  if  flic 
eye  of  an  observer  serves  as  the  light  receptor,  and  a  physical  densi¬ 
tometer,  if  some  other  light-sensitive  receptor  is  used.  I  hysic.il  dens 


tometers  like  visual  densitometers,  are  optical  instruments.  In  a  1- 
tion,  because  the  light-sensitive  receptors  are  photoelectrical  iey 
electrical  instruments.  Physical  densitometers  may,  there  ore be  c 
sifted  according  to  optical  design,  electrical  design,  or  both.  The  c  as 
sification  to  be  given  here  is  derived  from  optical  considerations.  O 
this  basis,  a  physical  densitometer  may  be  of  the  null  type,  m  whic 
the  light-sensitive  element  or  elements  serve  to  indicate  the  equa  1  v 
or  lack  of  it  between  two  beams  of  light;  it  may  be  of  the  equa  izc  - 
response  type  in  which  the  receptor  response  is  used  to  indicate  the 
attainment  of  a  previously  determined  light  intensity  level;  or  it  may 
be  of  the  response-calibrated  type  in  which  a  response  reading  obtained 
by  means  of  the  receptor  is  used  as  a  direct  measure  of  the  transmit¬ 
tance  or  density  of  the  sample. 


VISUAL  DENSITOMETERS 

Visual  instruments  are  all  of  the  null  type.  The  essential  compo¬ 
nents  of  such  an  instrument  are  illustrated  schematically  in  Fig.  11-2. 
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Fig.  11-2  Schematic  illustration  of  a  visual  densitometer. 


Light  from  a  source  passes  through  a  colored  filter,  or  other  spectral 
selector,  and  then  is  divided  into  two  beams  by  means  of  a  beam 
splitter.  One  of  the  beams  passes  through  an  intensity-control  device 
where  its  intensity  can  be  decreased  by  any  desired  amount.  It  then 
passes  through  the  sample  and  on  to  a  comparator  where  the  relative 
intensities  of  it  and  the  comparison  beam  can  be  judged  by  the  observer. 


The  observer  adjusts  the  intensity-control  device  until  no  difference  in 
appearance  between  the  two  beams  can  be  detected.  The  setting  of 
the  intensity-control  device  then  indicates,  by  means  of  a  calibrated 
scale,  the  density  or  transmittance  of  the  sample. 

A  number  of  variations  in  this  basic  arrangement  are,  of  course,  pos¬ 
sible.  The  spectral  selector  may  be  placed  at  any  point  along  the 
beam  paths,  provided  only  that  both  beams  are  affected  equally  by  it. 
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Frequently,  the  spectral  selector  is  near  the  comparator  rather  than  near 
the  light  source.  In  place  of  a  beam  splitter  it  is  possible  to  use  two 
light  sources  or  to  take  off  beams  of  light  in  two  different  directions 
from  the  same  source.  The  intensity-control  device  may  be  in  either 
the  sample  beam,  as  illustrated,  or  in  the  comparison  beam.  Sometimes 
it  is  incorporated  into  the  beam  splitter  itself,  with  one  beam  increas¬ 
ing  in  intensity  while  the  other  decreases. 

NULL-TYPE  PHYSICAL  DENSITOMETERS 

The  null-type  physical  densitometer  is  essentially  the  same  instru¬ 
ment  as  the  visual  densitometer  except  that  the  difference  in  intensity, 
or  the  absence  of  this  difference,  between  the  sample  and  comparison 
beams  is  established  by  means  of  photoelectric  devices  rather  than  the 
eye.  The  instrument  is  illustrated  schematically  in  Fig.  11-3.  Two 

Intensity-control 


Fic.  11-3  Schematic  illustration  of  a  physical  densitometer  of  the  null  type. 

photocells  may  be  used,  in  which  case  the  intensity-control  device  is 
adjusted  until  their  outputs  do  not  differ.  By  presenting  the  light  from 
the  two  beams  in  rapid  succession  in  the  same  light  path,  a  single  re¬ 
ceiver  can  be  made  to  suffice.  The  time  variations  in  the  cell  output 
would  in  this  case  indicate  differences  in  the  two  beams.  I  he  adjust¬ 
ments  of  the  intensity-control  device  may  be  made  manually,  or  they 
may  be  made  through  direct  coupling  with  the  output  of  photocells. 
The  various  component  parts  of  the  instrument  are  subject  to  possible 
rearrangements  in  order,  as  was  discussed  for  the  visual  densitometers. 


equalized-response  densitomet  ers 

The  equalized-response  densitometer  differs  basically  from  the  null- 
type  instrument  in  that  a  single  light  beam  is  used.  As  illustrated  in 
Fig.  IT 4,  the  beam  passes  from  the  source  through  the  spectral  selector, 
intensity-control  device,  and  the  sample,  and  then  is  incident  upon 
the  photoelectric  cell.  All  these  parts  are  essential,  although  the  older 


in  which  some  of  them  arc  placed  in  the  beam  path  may  vary  from  one 
instrument  to  another.  The  intensity-control  device  setting  is  altered 
until  the  response  of  the  cell  reaches  some  previously  chosen  value, 
calibration  based  upon  this  setting  indicates  the  density  of  the  sample. 
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Fig.  11-4  Schematic  illustration  of  a  densitometer  of  the  equalized-response  type. 


The  positioning  of  the  intensity-control  device  may  be  done  manually 
or,  through  the  coupling  of  a  motor  with  the  output  of  the  photocell, 
it  may  be  done  automatically. 


RESPONSE-CALIBRATED  DENSITOMETERS 

A  response-calibrated  densitometer  differs  from  the  other  instruments 
in  that  the  output  of  the  photosensitive  tube  is  taken  as  a  measure  of 
the  transmittance  of  the  sample.  These  instruments  are  sometimes 
called  direct-reading  densitometers. 

The  optical  system  for  a  response-calibrated  instrument  can  be  very 
simple.  As  shown  in  Fig.  IT  5,  a  single  beam  of  light  is  directed 
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1'ig.  11*5  Schematic  illustration  of  a  densitometer  of  the  response-calibrated  type. 


through  the  spectral  selector  and  sample  and  onto  the  phototube  re¬ 
ceiver.  1  he  output  of  this  receiver  can  be  measured,  and  the  result 
indicates  the  density  or  transmittance  reading. 


LIGHT  SOURCES 

In  modern  densitometers  tungsten  lamps  have  been  used  almost  ex¬ 
clusively.  These  lamps  provide  relatively  large  amounts  of  radiant 
energy  throughout  the  visible  spectrum.  They  are  cpiitc  stable  al¬ 
though  to  increase  their  stability  over  a  long  period  of  usage  they  arc 
requently  operated  below  their  rated  voltages.  One  of  their  few 
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undesirable  characteristics  is  that  their  outputs  include  considerable 
amounts  of  radiant  heat  which  must  be  dissipated  and  sometimes  also 
filtered  from  the  light  beam. 

Spectrophotometers  designed  for  measurements  in  the  ultraviolet, 
particularly  below  350  n i/x,  make  use  of  hydrogen  discharge  tubes  (Fin- 
kelstein,  1950)  or  mercury-vapor  lamps  (Bourne,  1948,  Chapters  6,  7, 
and  8). 

The  mercury-cadmium  lamp  may  in  time  be  used  extensively  in  color 
densitometers.  The  output  of  such  a  lamp  is  concentrated  in  a  rela¬ 
tively  small  number  of  narrow  spectral  regions  which,  for  certain  types 
of  color  measurement,  is  a  desirable  characteristic.  Stability  of  output 
of  such  lamps  requires  more  elaborate  control  devices  and  circuits  than 
is  necessary  for  tungsten  lamps,  and  the  relatively  low  red  emittance 
of  mercury-cadmium  lamps  imposes  severe  requirements  on  the  photo¬ 
sensitive  systems  used  with  them. 

SPECTRAL  SELECTORS 

Selection  of  the  proper  spectral  regions  for  the  light  beams  in  a 
color  densitometer  is  ordinarily  accomplished  by  means  of  red,  green, 
and  blue  filters.  Filters  usually  consist  of  a  dye  or  other  colorant  dis¬ 
persed  in  gelatin  which  is  mounted  between  glass.  A  wide  variety  of 
standard  filters  of  this  type  is  available,  each  with  transmittanccs  con¬ 
forming  closely  to  known  spectral  distributions. 

As  normally  used  in  densitometers,  filters  are  protected  from  radiant 
heat  in  the  transmitted  beam  and,  frequently,  from  ultraviolet  light. 
Even  so,  stability  in  absorption  characteristics  is  a  major  problem.  In 
addition  to  radiation  effects,  these  characteristics  may  be  affected  by 
temperature,  humidity,  and  possibly  by  small  amounts  of  contaminant 
gases  in  the  air.  Fluorescence  in  a  filter  is  particularly  troublesome, 
and,  to  the  greatest  extent  possible,  fluorescent  colorants  arc  avoided 

in  the  selection  of  filters  for  densitometers. 

Interference  filters  (Turner,  1950)  may  in  the  future  become  increas¬ 
ingly  important  in  color  densitometers.  These  filters  transmit  quite 
narrow  spectral  regions  and  can  be  manufactured  within  close  toler¬ 
ances  to  have  their  maximum  transmittances  at  any  chosen  wavelength. 

For  readings  of  densities  with  very  narrow  spectral  regions  of  light, 
combinations  of  filters  are  frequently  used.  Here  the  transmission 
bands  of  the  filters  are  made  as  narrow  as  is  feasible  consistent  with 
the  requirement  of  sufficient  transmission  to  allow  accurate  measure¬ 
ments. 
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For  more  accurate  readings  of  spectral  (approximately  monochro- 
mrtic)  density,  spectral  dispersion  by  means  of  a  prism  or  a  d  :iffra<* 
rnllng  t  necessary.  If  such  a  dispersion  system  ,s  used  w,  h  a 
source  which  lias  a  continuous  spectrum,  narrow  slits  of  essei  y 
monochromatic  radiation  can  be  obtained  throughout  the  entire  spec- 
trl.  This  system  is  used  in  practically  all  spectrophotometers.  Dorn 
bie  monochromators  are  frequently  used  to  insure  adequate  pun  y 


Masks  which  have  been  cut  to  pass  light  of  a  particular  spectra 
quality  are  also  sometimes  made  use  of  in  the  dispersed-spectrum  beam 
path.  With  such  a  system,  any  given  spectral  quality  of  light  which  is 
desired  can  usually  be  approximated  more  closely  than  is  possible  wit  i 
filters.  Such  a  system  is  somewhat  cumbersome,  however,  and  is  not 
used  when  filters  give  an  adequate  approach  to  the  desired  spectral 

quality. 


beam  splitters 

The  two  beams  of  light  in  a  densitometer  are  most  commonly  ob¬ 
tained  by  means  of  two  different  sources,  by  means  of  a  single  source 
with  the  two  beams  coming  off  in  different  directions,  or  by  means  of 
a  beam  splitter.  In  a  system  with  two  sources,  each  source  may  be 
placed  nearest  the  point  where  it  is  needed  and  requires  the  fewest 
number  of  optical  parts.  Its  disadvantage  is  that  the  radiant  flux  from 
one  source  may  not  bear  a  constant  relationship  to  that  from  the  other. 

The  most  stable  relationship  is  achieved  when  the  two  beams  are 
obtained  by  splitting  a  single  beam.  This  may  be  accomplished  by 
transmission  and  reflection  from  a  plane  glass  surface  or  a  half-silvered 
mirror,  by  means  of  a  reflection  chopper  which  consists  of  a  rotating 
disk  with  successive  segments  which  alternately  reflect  and  transmit 
the  incident  beam,  by  means  of  a  beam-splitting  prism,  or  by  means 
of  double  refraction  such  as  is  accomplished  by  the  Wollaston  prism. 

INTENSITY-CONTROL  DEVICES 

There  arc  five  general  types  of  intensity-control  devices:  (1)  distance- 
varying  arrangements,  applying  the  inverse  square  law,  (2)  rotating 
wheels  with  sector  openings  of  variable  angular  size,  (3)  diaphragm 
apertures  of  variable  size,  (4)  polarizing  prisms,  and  (5)  density  wedges. 
The  first  four  of  these  can  be  calibrated  directly  from  theory.  The 
fifth  must  be  calibrated  by  means  of  one  of  the  others. 
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The  illumination  from  a  point  source  of  light  falls  off  with  the 
square  of  the  distance  from  the  source.  This  basic  principle  is  applied 
in  many  photometers  and  was  utilized  in  the  earliest  densitometers.  No 
rail  source  is  a  point  source,  but  the  same  law  can  be  applied,  provided 
that  the  measurements  are  made  at  a  distance  greater  than  a  certain 
minimum  which  depends  upon  the  dimensions  of  the  source.  Although 
there  is  the  possibility  of  using  reflecting  mirrors  and  prisms  to  keep 
the  over-all  distances  to  a  minimum,  inverse-square-law  densitometers 
must  of  necessity  be  large  and  are  therefore  cumbersome  and  essentially 
nonportable.  With  careful  workmanship  in  construction  there  arc  few 
possible  sources  of  error,  the  calibration  is  simple,  and  the  measurable- 
distance  limits  can  be  extended  to  satisfy  almost  any  precision  and 
density-range  requirements. 

When  a  disk  with  radial  sector  components  cut  out  is  rotated  at  a 
high  rate  of  speed,  and  a  light  source  viewed  through  it,  persistence 
of  vision  gives  the  perception  of  a  light  beam  of  constant  intensity. 
Furthermore,  the  apparent  brightness  of  this  intermittent  light  equals 
that  of  a  steady  source  of  the  same  average  integrated  intensity.  The 
apparent  intensity  of  the  emergent  beam  is,  therefore,  directly  propor¬ 
tional  to  the  angular  openings  in  the  sector  wheel.  The  speed  of  rota¬ 
tion  of  the  sector  disk  must  be  sufficient  to  avoid  flicker,  but  otherwise 
it  is  not  critical. 

If  illuminated  uniformly,  a  diaphragm  opening  will  transmit  radiant 
flux  in  amounts  proportional  to  its  area.  Two  arrangements  for  con¬ 
trolling  and  measuring  the  area  of  such  an  opening  which  have  been 
used  are  the  standard  iris  diaphragm  and  a  linearly  traveling  diaphragm 
of  variable  width. 

If  a  beam  of  unpolarized  light  passes  through  one  polarizing  prism 
and  then  through  a  second,  the  intensity  of  the  emergent  light  is  pro¬ 
portional  to  the  square  of  the  cosine  of  the  angle  between  the  planes 
of  polarization  of  the  prisms.  1  his  is  known  as  the  law  of  Malus 
(Scars,  1946,  p.  224),  and  it,  or  a  relationship  derivable  from  it,  is  often 
made  use  of  in  polarizing  photometers  and  densitometers.  The  polariz¬ 
ing  prisms  may  be  Nicol,  Rochon,  or  Wollaston  prisms. 

Density  wedges  arc  the  most  commonly  used  of  all  intensity-control 
devices.  They  may  be  of  actual  wedge  shape  but  need  not  be,  provided 
that  the  absorption  characteristics  arc  correct.  The  wedge-shaped  type 
consists  of  a  carrier  with  a  uniformly  distributed  absorbing  material.  It 
is  cast  in  its  wedge  shape.  Another  type  consists  of  a  silver  or  d\c 
image  obtained  by  photographic  means.  Wedges  must  be  calibrated 
by  means  of  primary  standards,  but  they  are  convenient  to  use. 
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COMPARATORS 

In  visual-type  instruments  it  is  quite  important  that  the  two  beams 
be  presented  to  the  eye  with  no  noticeable  dividing  line  between  the  . 
The  photometric  fields  in  which  comparisons  were  made  in  the  early 
densitometers  were  the  same  as  those  used  in  photometers  I  hey  m- 
eluded  among  others,  the  Rumford  shadow  indicator,  the  Bunsen 
grease  spot,  Lummer-Brodhun  equality  of  brightness  cube,  Lummer- 
Brodhun  contrast  cube,  Fresnel  biprism,  and  the  Hiifner  rhomb  (sec 
Walsh,  1926,  pp.  151-160). 

A  much  simpler  arrangement  than  any  of  these  is  a  mirror  with  a 
center  aperture  such  as  that  used  in  the  Capstaff  Densitometer  (Cap- 
staff  and  Purdy,  1927)  and  the  Kodak  Color  Densitometer.  One  beam, 
usually  the  beam  through  the  sample,  passes  through  the  aperture; 
the  other  is  reflected  from  the  mirror  surface.  The  aperture  must  have 
sharp  edges.  This  brings  the  two  fields  into  juxtaposition  so  that  high 
precision  may  be  obtained  in  comparing  their  relative  brightnesses. 


RECEIVERS 

The  eye  serves  as  the  receiver  for  visual  instruments;  photoelectric 
cells  for  physical  instruments.  The  eye  has  relatively  high  sensitivity 
to  small  color  differences  but  is  subject  to  fatigue  so  that  visual  instru¬ 
ments  are  not  the  most  efficient  where  large  numbers  of  measurements 
are  being  made.  Furthermore,  observers  must  be  carefully  selected  to 
insure  that  their  color-matching  characteristics  are  normal.  This  is 
particularly  important  if  the  two  photometric  fields  to  be  matched 
present  stimuli  differing  spectrally. 

Light-sensitive  elements  which  may  be  used  in  physical  densitometers 
include  those  of  the  photovoltaic  and  photoemissive  types.  The  for¬ 
mer  are  represented  by  the  barrier-lavcr  cell  such  as  the  Weston  Pho- 
tronic  Cell  and  the  latter  by  the  usual  photoelectric  cells,  or  electron 
multiplier  phototubes. 

One  of  the  chief  advantages  of  the  barrier-layer  cell  is  that  it  supplies 
its  own  voltage  so  that  no  batteries  or  other  such  auxiliary  equipment 
are  required.  Such  a  cell  in  conjunction  with  a  galvanometer  and  a 
light  source  makes  a  complete  densitometer  (Hiatt  and  Tuttle,  1936). 
However,  because  of  low  sensitivity,  instability,  and  fatigue  effects, 
these  cells  arc  not  used  in  precision  densitometers.  They  are  employed 
in  highly  portable  devices  such  as  exposure  meters  or  in  instruments  for 
measuring  the  intensity  of  light  transmitted  by  photographic  images 
in  enlargers  or  printers. 
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One  of  the  important  characteristics  of  receivers  used  in  color  densi¬ 
tometers  is  the  spectral  response.  Since  most  of  the  densitometry  in  a 
color  process  involves  the  visual  region  of  the  spectrum,  receivers  which 
are  sensitive  to  infrared  or  ultraviolet  arc  required  only  for  special  pur¬ 
poses  such  as  sound-track  analysis.  The  spectral  response  characteristics 


Fig  11-6  Spectral  response  characteristics  of  photosensitive  surfaces  (a)  S \;  (b) 
S-4;  and  (c)  S-8;  and  of  the  (d)  Weston  Photronic  Cell  (Goodwin,  1932,  p. 

Each  curve  has  been  normalized  to  have  a  maximum  value  of  1.00. 


of  the  photosensitive  surfaces  used  in  several  types  of  phototubes  and 
photomultiplier  tubes  are  shown  in  Fig.  11-6.  These  photosensitive 
surfaces  are  commonly  designated  as  S-l,  S- 4,  anc  -  •  N  ‘l  UC, 

given  arc  averages  based  upon  measurements  of  a  number  of  cells  ot 
each  type.  Individual  cells  within  each  group  show  some  deviations 
from  the  averages.  The  spectral  response  of  the  Weston  Photronic 

Cell  is  also  included  in  this  figure. 

As  is  seen  from  the  figure,  the  S-l  surface  has  its  ma)or  sensitivity  ir 

the  infrared  region  of  the  spectrum.  This  surface  is  used  m  soun 
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reproducer  systems  and  is  consequently  used  in  densitometers  for  meas¬ 
ures  sound-track  images.  Either  the  S-4  or  surface  ,s  used  m  most 
color  densitometers.  Even  these  two  types  have  some  residual  sensi 
tivitv  in  the  infrared  region.  If  the  filters  of  the  densitometer  transmit 
in  this  region,  as  many  of  them  do,  special  infrared  absorbers  must  )c 

placed  in  the  beam  path.  ... 

The  receiver  should  have  high  sensitivity  in  the  spectral  regions  m 

which  measurements  are  to  be  made  and,  preferably,  a  minimum  of 
sensitivity  elsewhere.  With  its  associated  amplifier  circuit,  it  should 
be  as  stable  as  possible.  This  is  particularly  important  in  the  equalized- 
response  or  response-calibrated  instruments,  because  in  these  cases  a 
change  in  calibration  is  involved  whenever  there  is  an  over-all  change 
in  sensitivity. 


INDICATORS  AND  RECORDERS 

The  photocell  in  the  physical-type  densitometer  is  connected  to  an 
amplifier  which,  in  turn,  operates  an  indicating  instrument  or  a  re¬ 
corder.  These  amplifiers  may  be  of  the  a-c  or  the  d-c  type,  depending 
upon  the  functional  design  of  the  densitometer.  Other  features  of  the 
design  determine  whether  the  amplifier  output  is  proportional  to  the 
density  or  the  transmittance.  If  the  output  of  the  cell  is  directly  pro¬ 
portional  to  the  intensity  of  the  light  beam  it  is  also  proportional  to 
the  transmittance.  For  density  readings  either  a  logarithmic  amplifica¬ 
tion  or  a  logarithmic  scale  must  be  used  to  obtain  linear  units. 

Recorders  are  sometimes  attached  to  the  indicators  so  that  a  per¬ 
manent  record  can  be  obtained.  These  are  of  particular  value  on  spec¬ 
trophotometers  and,  in  addition,  are  found  on  some  of  the  more  mod¬ 
ern  instruments  for  tricolor  densitometry. 


PERFORMANCE  COMPARISONS  OF  THE  VARIOUS 
TYPES  OF  DF.NSITO  M  ETERS 

In  considering  the  design  of  color  densitometers  the  following  major 
items  need  to  be  taken  into  account: 


1.  Sensitivity:  this  determines  the  range  of  densities  that  can  be  read. 

2.  Stability,  this  affects  the  precision  obtainable  and  the  frequency  with  which 
calibration  checks  need  be  made. 

3.  The  role  of  the  operator. 

4.  Speed  and  accuracy. 

?.  Simplicity  of  design  as  it  relates  to  compactness,  cost,  and  ease  of  adjustment 
calibration,  and  repair. 
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This  list  is  by  no  means  exhaustive  but  does  include  the  chief  factors 
which  ordinarily  are  considered. 

Visual  instruments  which  require  no  electrical  parts  other  than  the 
light  source  and  which  are  composed  of  quite  simple  optical  compo¬ 
nents  are  the  least  expensive  and  most  compact  of  the  instruments. 
Where  low  cost  and  portability  are  important  and  where  large  numbers 
of  readings  are  not  necessary,  visual  instruments  are  the  best  choice. 

Where  large  numbers  of  readings  are  taken  and  speed  is  essential, 
physical  instruments  are  preferable.  Null-type  instruments  have  in¬ 
herent  advantages  with  respect  to  accuracy  but  require  additional  optical 
components.  Equalized-response  instruments  are  somewhat  less  com¬ 
plicated  electrically  than  the  response-calibrated  types.  With  the  pres¬ 
ently  available  electronic  equipment,  however,  satisfactory  stability  and 
linearity  of  response  can  be  obtained  so  that  rapid-reading,  easily 
operated,  response-calibrated  instruments  are  now  generally  available. 

INSTRUMENT  CALIBRATION 

The  two  major-type  checks  which  must  be  made  on  density-measuring 
instruments  are  their  zero  points  and  their  density  scales.  For  spectro¬ 
photometers  it  is  also  necessary  that  the  wavelength  scales  be  properly 
established.  This  may  also  be  true  in  certain  types  of  tricolor  instru¬ 
ments  where  there  are  possibilities  of  change  in  the  spectral  selectors. 

The  zeroing  of  an  instrument  is  usually  a  relatively  simple  matter. 
With  no  sample  in  the  beam  path,  or  with  a  sample  consisting  of  film 
base  or  some  other  carrier  which  is  taken  to  represent  zero  density,  the 
indicator  scale  is  adjusted  so  that  it  reads  zero.  For  transmission  scales 
this  would  correspond  to  100  percent  transmittance. 

The  scale  calibration  is  usually  somewhat  more  difficult  to  obtain. 
For  instruments  using  wedges  as  intensity-control  devices,  these  wedges 
must  themselves  be  calibrated.  This  is  usually  done  either  by  measur¬ 
ing  the  wedge  directly  in  a  calibrated  instrument  or  by  calibrating  the 
wedge  by  means  of  a  series  of  samples  on  which  measurements  have 

been  made  in  a  primary  standard  instrument. 

The  wavelength  calibration  of  spectrophotometers  is  usually  obtained 
by  means  of  didymium  glass  or  other  samples  of  high  and  sharp-cutting 
selectivity.  Readings  are  taken  on  these  samples,  and  the  wavelengths 
at  which  marked  transitions  in  intensity  occur  are  compared  to  those 
which  the  samples  are  known  to  have  from  readings  on  other  primary 
instruments.  Corrections  can  be  made  cither  by  readjustments  of  t  ic 
instrument  or  by  calibration  curves. 
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Fluorescence  and  scattering  of  light  are  the  chief  factors  which  can 
cause  errors  in  an  instrument  which  has  been  properly  adjusted.  Most 
instruments  are  designed  to  evaluate  the  light  leaving  a  sample,  regard¬ 
less  of  its  spectral  composition;  thus  the  presence  of  fluorescence  is  not 
detected.  In  visual  instruments  these  differences  can  usually  be  seen, 
and,  in  most  cases,  allowances  made  for  them.  Fluorescence  in  physical 
instruments  is  less  easily  detected  and  therefore  must  be  more  carefully 
guarded  against.  Partial  correction  for  fluorescence  in  transmitting  sam¬ 
ples  can  be  made  by  increasing  the  distance  between  the  sample  and 
the  receiver. 


TYPICAL  STANDARD  INSTRU  M  ENT 


A  densitometer  employing  a  Martens  polarizing  photometer  (Martens, 
1901)  is  frequently  used  as  a  primary  standard  instrument  in  measuring 
diffuse  densities  (American  Standards  Association,  1946).  It  is  illus¬ 
trated  in  one  of  its  more  recent  forms  in  Fig.  11-7.  Both  the  sample 
and  comparison  beams  are  split  into  polarized  components  by  means 
of  a  Wollaston  prism.  A  Fresnel  biprism  is  cemented  in  contact  with 
the  Wollaston  prism.  The  optical  arrangement  is  such  that,  as  seen 
with  the  eyepiece  through  a  Nicol  prism,  the  two  halves  of  the  Fresnel 
biprism  are  filled  with  light  from  the  sample  and  comparison  beams, 
respectively,  each  of  which  is  polarized  in  a  plane  at  right  angles  to  the 
other.  The  brightnesses  of  the  two  halves  of  this  photometric  field 
are  equalized  by  rotating  the  Nicol  prism.  The  density  of  any  sample 
is  given  by 

D  =  —  log—  (11 ’2  a) 


where 

Pt  tan  2\a! 
P0  tan2  a 


(11-2  b) 


The  angles  a  and  o!  correspond  to  the  settings  of  the  instrument  with¬ 
out  and  with  the  sample  in  place,  respectively,  and  are  measured  from 
the  setting  of  the  Nicol  prism  in  which  there  is  complete  transmittance 
of  the  comparison  beam  and  zero  transmittance  of  the  sample  beam. 


Integral  Densities 

When  a  color-film  transparency  is  inserted  in  a  printer,  a  projector, 
or  other  optical  system,  each  element  of  area  absorbs  radiant  energy. 
If  we  want  to  determine  how  the  incident  light  is  affected  by  this  area, 

4l8 


wc  are  interested  in  the  integral  absorption  of  the  Mm  image  rather 
than  in  its  colorant  components.  1  he  kind  of  dcnsi  y _w  p 

this  action  of  the  film  image  is  integral  density.  Equations 
defined  this  type  of  density  in  terms  of  the  transmittance,  7 , 
defined  in  equation  11 -lb. 


SPECTRAL  DENSITIES 

Spectral  density  is  a  special  type  of  integral  density.  The  spectral 
density  of  a  sample  is  defined  as  its  density  to  spectrally  homogeneous 
light.  This  means  that  the  T  in  equation  111c  is  given  as  in  equation 
11  -lc/.  In  practice  the  spectral  bands  are  seldom  strictly  homogeneous, 
but  the  departures  are  so  slight  that  they  need  not  be  taken  into  account. 

Mercury-cadmium  arcs  are  sometimes  used  as  the  sources  of  illumina¬ 
tion  for  spectral  density  measurements.  Spectral  lines  at  436  m/x  and 
546  m/x  can  be  obtained  from  the  mercury  arc  and  at  644  m/x  from  the 
cadmium  arc.  Narrow  bands  can  also  be  obtained  from  a  prism  or 
grating  spectrum.  If  these  readings  are  obtained  for  closely  spaced 
wavelengths  throughout  the  spectrum,  the  result  can  be  plotted  to  give 
a  spectral  density  distribution.  An  instrument  for  securing  such 
measurements  is  called  a  spectrophotometer.  Several  modern  instru¬ 
ments  are  available  which  both  measure  and  automatically  plot  the 
results. 


GENERAL  ELECTRIC  RECORDING 
SPECTROPHOTOMETER 

An  instrument  which  is  widely  used  to  obtain  spectral  distribution 
curves  for  transmitting  and  reflecting  samples  is  one  developed  at  the 
Massachusetts  Institute  of  Technology  under  the  direction  of  Arthur  C. 
Hardy,  and  manufactured  and  sold  by  the  General  Electric  Company 
(see  Hardy,  1938;  Michaelson,  1938).  This  instrument  is  illustrated 
in  Fig.  11-8.  Light  from  the  incandescent  lamp  is  dispersed  into  a 
spectrum  by  means  of  prism  1.  A  particular  portion  of  this  spectrum 
is  selected  by  the  mirror  and  slit-jaw  settings,  and  this  narrow  wavelength 
beam  is  redispersed,  thus  decreasing  the  scattered  light,  by  prism  2. 
I  he  collimated  light  leaving  the  lens  placed  close  to  this  second  prism 
enters  Rochon  prism  1  where  it  is  plane  polarized.  This  polarized  beam 
then  passes  through  the  Wollaston  prism  where  the  ordinary  and  ex¬ 
traordinary  rays,  polarized  at  right  angles  to  each  other,  diverge  slightly 
from  each  other.  The  two  beams  then  pass  through  a  second  Rochon 
prism,  through  a  decentered  lens  which  further  separates  the  two  beams, 
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and  into  the  integrating  sphere  through  two  openings.  If  the  sample 
is  a  transmitting  one,  it  is  placed  in  the  path  of  the  beam  just  outside 
the  integrating  sphere.  If  the  sample  is  a  reflecting  one,  it  is  made 
part  of  the  integrating  sphere  wall  where  one  of  the  beams  strikes. 

While  in  operation,  Rochon  prism  2  is  made  to  rotate  rapidly.  As 
the  two  rays  of  light  passing  through  it  are  polarized  at  right  angles 
to  each  other,  the  amplitude  of  each  varies  in  half  sinusoidal  form, 
90°  out  of  phase  with  the  other. 

Photometer 


As  the  light  reaching  the  Wollaston  prism  is  plane  polarized,  the 
relative  intensities  of  the  two  beams  leaving  it  depend  upon  the  orien¬ 
tation  of  the  principal  axis  of  the  Wollaston  prism  with  respect  to  the 
principal  axis  of  the  first  Rochon  prism.  Suppose,  for  example,  the 
two  axes  are  at  45°  with  respect  to  each  other.  The  intensities  of  the 
two  beams  leaving  the  Wollaston  prism  are  then  equal.  I  hese  intensi¬ 
ties  vary  sinusoidally  (sine-squared)  as  they  pass  through  the  second 
Rochon  prism  but,  because  of  their  phase  relationship,  the  sum  of  their 
intensities  remains  constant.  With  no  sample  in  place,  a  constant 
illumination  prevails  within  the  integrating  sphere,  and  the  output  ot 
the  phototube  remains  constant. 

When  a  sample  is  placed  in  one  of  the  beams,  the  intensity  of  t  ns 
beam  is  reduced,  the  intensity  of  the  light  within  the  sphere  fluctuates 
in  synchronism  with  the  rotation  of  the  second  Rochon  prism  and 
the  output  of  the  phototube  pulsates.  As  a  result  of  this  pulsation 
associated  electrical  and  mechanical  systems  cause  the  first  Rochon 
prism  to  rotate  slowly  in  such  a  direction  that  the  intensity  of 
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sample  beam  is  increased  with  respect  to  the  intensity  of  the  comparison 
beam,  until  a  position  is  found  in  which  the  two  beams  entering  ' 
sphere  are  again  balanced,  and  the  phototube  output  is  constant  1  base 
relations  control  the  direction  of  turning  of  the  Rochon  prism,  depend 
ing  upon  whether  the  sample  beam  is  relatively  too  weak  or  too  strong 
To  obtain  a  spectrophotometric  curve  for  a  particular  sample,  grap  1 
paper  is  placed  on  the  recorder,  and  adjustments  are  made  to  allow 
light  from  the  extreme  blue  end  of  the  spectrum  to  pass  through  the 
system  The  mirror  and  slit-jaw  combination  is  then  started,  moving 
in  such  a  way  as  to  allow  passage  of  light  of  increasing  wavelength, 
but  same  high  spectral  purity.  Bv  means  of  a  cam  and  motor  arrange¬ 
ment,  the  recorder  drum  is  made  to  rotate  so  that  the  wavelength  posi¬ 
tion  on  the  graph  paper  corresponds  to  that  of  the  wavelength  of  the 
light  being  selected  by  the  mirrors  and  slit  jaw.  At  the  same  time, 
a  pen,  which  is  coupled  with  the  first  Rochon-prism  adjusting  device, 
moves  along  the  surface  of  the  graph  paper,  its  position  at  any  time 
corresponding  to  the  setting  of  the  Rochon  prism,  and  consequently, 


the  transmittance  of  the  sample. 

Interchangeable  cams  are  available  so  that  the  readings  may  be  taken 
directly  in  terms  of  either  transmittance  or  density.  A  cam  on  the  slit 
jaws  also  adjusts  the  slit  width  to  give  a  uniform  spectral  band  width 
of  light  of  about  10  m/x  throughout  the  spectrum. 

The  chief  advantages  of  the  General  Electric  Recording  Spectropho¬ 
tometer  are  its  speed  and  the  fact  that  it  plots  its  own  record.  It  is  a 
complex  instrument,  however,  and  must  be  carefully  handled  and  fre¬ 
quently  checked  in  its  calibration  if  errors  are  to  be  avoided.  It  will 
read  densities  as  high  as  2.5  to  3.0,  but  it  reads  densities  above  2.0  with 
reduced  precision. 


BECKMAN  SPECTROPHOTOMETER 

The  Beckman  Quartz  Photoelectric  Spectrophotometer  (Cary  and 
Beckman,  1944)  is  optically  a  response-calibrated  instrument,  the  current 
output  of  the  phototube  being  linear  with  its  irradiation.  The  current 
is  measured  by  balancing  the  voltage  drop  across  a  resistor  by  means 
of  a  slide-wire  potentiometer.  Any  unbalance  in  the  setting  is  amplified 
electronically  and  indicated  on  a  meter.  In  making  a  density  reading, 
the  main  potentiometer-control  dial  is  turned  until  the  meter  indicates 
an  electrical  balance  and  the  reading  is  taken  from  the  potentiometer 
scale  setting.  I  his  scale  is  calibrated  linearly  in  transmittance  and  also 
has  an  auxiliary  logarithmic  scale  in  density  values.  The  instrument 
has  a  density  reading  range  from  0.0  to  above  3.0. 


421 


In  order  to  zero  the  instrument,  an  auxiliary  potentiometer  is 
attached  to  a  “sensitivity-adjuster”  control  knob  for  balancing  out  the 
“dark  current,  which  flows  when  the  shutter  cuts  out  all  light  to  the 
phototube.  With  the  main  potentiometer  set  to  the  reading  of  100 
percent  from  the  transmittance  scale  and  with  no  sample  in  the  beam, 
the  selector  switch  is  turned  to  a  check  position  and  either  the  slit 
width  or  the  sensitivity  adjuster  is  varied  to  give  a  zero  deflection  on 
the  meter.  With  every  change  in  the  wavelength  at  which  a  reading 
is  to  be  taken,  the  instrument  must  be  zeroed  in  order  to  compensate 
for  variations  in  the  intensity  of  the  illumination  and  in  the  phototube 
sensitivity. 

The  optical  system  of  the  Beckman  Spectrophotometer  is  illustrated 
in  Fig.  11-9. 


To  cover  its  full  wavelength  range  from  about  220  m/x  to  1,000  m/x, 
the  Beckman  Spectrophotometer  is  supplied  with  two  light  sources 
and  two  phototubes.  The  source  used  from  about  320  m /x  to  the  longer 
wavelength  limit  is  an  incandescent  lamp.  A  hot  cathode  hydrogen 
discharge  tube  is  supplied  for  use  in  the  wavelength  region  below 
350  m/x.  One  phototube  is  used  for  wavelengths  below  625  m/x,  and 
a  second  for  longer  wavelengths. 

The  Beckman  Spectrophotometer  is  a  high-precision  instrument  with 
good  spectral  purity  and  high  sensitivity.  Its  most  convenient  applica¬ 
tion  is  for  reading  a  number  of  samples  at  a  given  wavelength.  It  can 
also  be  used  for  obtaining  spectral  density  curves  for  the  visible  or 
other  regions  of  the  spectrum.  However,  readings  of  this  type  can¬ 
not  be  taken  with  high  speed  because  of  the  necessity  for  "zeroing 

at  each  new  wavelength  setting. 


FILTER  DENSITIES 

Density  measurements  are  made  frequently  on  visual  or  physical  in¬ 
struments  using  three  filters,  a  red,  a  green,  and  a  blue  The  e^c 
regions  of  their  maximum  absorptions  may  change  from  one  set  of  filters 
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to  another,  as  may  the  shapes  of  their  absorption  curves.  Filter  densities 

•ire  also  frequently  called  tricolor  densities.  . 

^  Filter-density  measurements  are  often  made  with  the  intent  of  deter¬ 
mining  either  printing  densities  or  something  approximating  spectra 
densities.  However,  if  proper  consideration  is  not  given  to  the  selection 
of  the  filters  which  are  used  in  the  light  beam,  neither  of  these  types 
of  readings  is  obtained.  If  the  filters  employed  have  sufficiently  narrow 
transmission  bands,  and  each  in  only  one  region  of  the  spectrum  satis¬ 
factory  approaches  to  spectral  density  may  be  achieved.  A  number  ot 
“abridged  spectrophotometers”  make  use  of  such  filters  to  obtain  ap¬ 
proximate  spectral  density  curves  (Van  den  Akker,  1940).  If  the  density 
values  are  to  be  of  genuine  value  in  either  spectrophotometry  or  tricolor 
densitometry,  however,  the  transmission  characteristics  of  the  filters  and 
the  sensitivity  distribution  of  the  receiver  must  be  known. 

The  important  instruments  for  measuring  filter  densities  are  essen¬ 
tially  the  same  as  those  useful  for  measuring  printing  densities  and 
will  be  discussed  along  with  them. 


PRINTING  DENSITIES 

To  obtain  printing  densities,  the  sample  transmittance  must  be  meas¬ 
ured  with  respect  to  the  sensitivity  distribution  corresponding  to  that 
of  the  photographic  print  material.  This  means  that  s  in  equation 
11 -lb  is  the  print-material  sensitivity  distribution.  The  importance  of 
printing  densities  is  that  they  specify  the  intensity  of  the  light  trans¬ 
mitted  by  a  negative  (or  positive  transparency)  in  accordance  with  the 
relative  effectiveness  of  this  light  on  a  print  material.  In  black-and- 
white  photography  only  one  sensitivity  distribution  is  involved.  For 
color  photography  there  are  normally  three. 

For  purposes  of  actual  measurement  the  printing  densities  of  a  film 
sample  to  the  three  exposure  colors  are  commonly  defined  as  the  silver 
densities  (nonselective)  which,  when  used  with  the  three  exposures, 
produce  an  image  in  the  print  identical  to  that  produced  by  the  film 
sample. 

Printing  density  is  frequently  measured  directly  in  densitometers  with 
filters  chosen  so  that  the  basic  sensitivity  of  the  photocell,  in  combina¬ 
tion  with  the  transmittance  of  the  filter,  gives  an  effective  sensitivity  of 
the  photocell  which  approximates  that  of  the  print  material.  The 
accuracy  for  such  density  readings  is  seldom  high  (see  also  Williams 
1950,  pp.  105-108). 


COLORIMETRIC  DENSITIES 

Colorimetric  densities  differ  from  the  others  which  have  been  dis¬ 
cussed  only  in  the  choice  of  the  sensitivity  distribution  s.  These  distri¬ 
butions  must  correspond  to  a  possible  set  of  visual,  three-color  mixture 
curves.  rlTe  spectral  sensitivity  distributions  for  the  CIE  standard 
observer,  called  distribution  coefficients,  were  described  in  Chapter  II. 
If  these  distributions  are  substituted  for  sensitivities  s  in  equation  11  •  lb, 
the  resulting  values  for  T  are  colorimetric  transmittances.  The  negative 
logarithms  of  these  transmittances  are  colorimetric  densities. 

As  has  been  described  in  Chapters  I  and  II,  linear  transformations 
of  the  distribution-coefficient  curves  will  give  new  sets  of  curves  which 
are  equally  satisfactory  in  color  measurement  and  specification.  Conse¬ 
quently,  the  concept  of  colorimetric  density  can  also  be  applied  to  the 
measurements  obtained  by  means  of  sensitivity  distributions  correspond¬ 
ing  to  any  set  of  homogeneous  linear  transformations  of  the  CIE  stand¬ 
ard  observer  distribution  coefficients. 

Colorimetric  densities  for  sample  areas  of  color  photographic  mate¬ 
rials  are  usually  determined  by  calculation  from  spcctrophotometric 
curves.  Sometimes  densities  obtained  by  means  of  red,  green,  and  blue 
filters  are  assumed  to  give  close  approximations  to  colorimetric  densities. 
In  special  cases  this  assumption  may  be  warranted,  but  the  approxima¬ 
tion  is  seldom  adequate  (see  also  Williams,  1950,  p.  109). 

WESTREX  DENSITOMETER 

One  of  the  densitometers  frequently  used  for  filter-density  measure¬ 
ments  is  the  Wcstrex  Densitometer,  commonly  called  the  Erpi  densi¬ 
tometer,  but  now  made  by  the  Westrex  Corporation.  It  is  illustrated 
in  Fig.  11-10.  As  is  shown,  it  is  a  physical,  response-calibrated  instru¬ 
ment.  In  addition  to  its  light  source,  there  is  a  phototube,  an  amplifier, 
and  a  meter.  The  amplifier  is  of  the  a-c  type,  lo  obtain  an  a-c  input 
for  the  amplifier,  a  disk  with  segments  cut  out  of  its  periphery,  com¬ 
monly  referred  to  as  a  “chopper,  ’  is  rotated  at  a  high  rate  of  speed 
in  the  beam  path.  Light  reaches  the  photocell  in  pulsations  of  approxi¬ 
mately  450  cycles  per  second. 

Originally,  the  major  use  of  the  Westrex  Densitometer  was  in  black- 
and-white  photography,  and  it  contained  a  photocell  with  the  S-l  infra¬ 
red-sensitive  surface  for  reading  silver  images,  particularly  sound  track. 
However,  when  equipped  with  a  cell  with  an  S-4  surface  and  with  the 
proper  filters,  it  is  useful  for  reading  filter  or  printing  densities.  In  cases 
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where  the  required  filters  have  low  effective  transmissions,  the  density 
range  of  the  color  instrument  may  be  severely  restricted. 

EASTMAN  ELECTRONIC  DENSITOMETER 

The  Eastman  Electronic  Densitometer,  illustrated  in  Eig.  11-11,  is  a 
response-calibrated  densitometer.  It,  too,  uses  a-c  amplification.  The 
chopper  in  this  case  consists  of  a  disk  of  film  with  alternating  trans¬ 
parent  and  opaque  segments.  It  uses  a  vacuum  phototube  with  an 
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S- 9  surface,  which  is  similar  in  spectral  sensitivity  to  an  S-4  surface,  and 
has  sufficient  amplification  so  that  its  sensitivity  is  very  high.  This 
allows  the  use  of  filters  with  exceedingly  narrow  transmission  bands, 
and  therefore  of  low  transmittance.  Three  interference  filters  giving 
the  spectral  response  characteristics  illustrated  in  Fig.  11-13  are  avail¬ 
able  with  the  instrument.  Accurate  density  values  as  high  as  4.0  can 
be  obtained  with  these  filters. 


MACBETH-ANSCO  COLOR  DENSITOMETER 

The  Macbeth-Ansco  Color  Densitometer  (Macbeth  Corp.,  no  date; 
see  also  Sweet,  1950),  illustrated  in  Fig.  11-12,  is  a  response-calibrated 
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Fig.  11-12  Macbeth-Ansco  Color  Densitometer. 


instrument.  The  output  from  the  electron  multiplier  phototube  is  fed 
into  a  d-c  logarithmic  amplifier  so  that  a  linear  conversion  scale  permits 
readings  directly  in  density.  The  black-and-white  density  range  is  from 
0  to  6  0.  Filters  which  give  spectral  response  characteristics  as  showr 
in  Fig.  11-13  are  supplied  with  the  instrument. 
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Fig.  11*13  Spectral  distributions  of  logarithms  of  reciprocals  of  relative  responses 
of  densitometers  with  filters,  (a)  Eastman  Electronic  Densitometer  and  ( b )  Macbeth- 
Ansco  Color  Densitometer. 

OTHER  DENSITOMETERS 

Other  integral  densitometers  sometimes  used  in  color  work  are  the 
two  Kodak  visual  instruments,  the  Capstaff  Densitometer  (Capstaff  and 
Purdy,  1927),  and  the  Kodak  Color  Densitometer;  the  Photovolt  Elec¬ 
tronic  Densitometer  (Photovolt  Corporation,  no  date);  the  Welch 
Densichron  (Welch  Scientific  Co.,  1951);  and  the  Photo  Research 
Corporation  Color  Densitometer. 

REFLECTION  DENSITIES 

Identical  principles  arc  involved  in  dealing  with  the  reflection  densi¬ 
ties  as  those  in  transmission  densities.  However,  certain  other  geo¬ 
metrical  factors  are  involved,  owing  to  front-surface  reflection  from  the 
image.  This  reflected  light  is  not  affected  by  the  nature  of  the  image 
deposit  underneath  the  surface  and  adds  an  over-all  constant  amount 
of  flux  to  the  emerging  light.  The  various  factors  involved  have  been 
discussed  earlier  (see  pp.  357-367). 
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Analytical  Densities 

Integral  densities  describe  some  action  of  the  color  image  as  a  whole. 
They  do  not  directly  yield  information  about  the  amounts  of  the  indi¬ 
vidual  colorants  of  which  the  image  is  composed.  Knowledge  of  this 
composition  is  often  quite  useful.  The  determination  of  the  amounts, 
in  some  system  of  density  units,  of  the  image  components  in  a  given 
area  of  a  color  image  is  accomplished  by  analytical  color  densitometry, 
and  the  amounts  so  determined  arc  called  analytical  densities. 

Three  dyes,  a  cyan,  a  magenta,  and  a  yellow,  are  normally  used  in 
subtractive  color  photographic  processes.  A  quantitative  description  of 
the  amounts  of  these  component  dyes  would  require  three  numbers, 
one  for  each  dye.  If  the  light  passing  through  a  color  image  were 
affected  only  by  the  three  dyes,  then  the  three  numbers  would  provide 
a  complete  analytical  description  of  the  image.  Actual  photographic 
images,  however,  always  contain  other  absorbers.  These  are  commonly 
referred  to  as  “stain,”  although  more  than  one  colorant  may  be  involved. 
Some  of  these  may  be  independent  of  the  amounts  of  the  primary 
colorants;  others  are  probably  dependent.  Their  exact  measurement 
and  description  are  not  easily  accomplished. 

Complete  analytical  densitometry  would  require  that  all  the  com¬ 
ponent  colorants  in  a  photographic  image  be  specified  and  measured. 
Because  of  the  inherent  difficulties  involved,  and  because  the  cyan, 
magenta,  and  yellow  dyes  already  mentioned  have  by  far  the  greatest 
effect  on  the  transmittance  of  the  image,  measurements  of  more  than 
these  three  are  seldom  attempted  (see  also  Williams,  1950,  pp.  109-112). 

SPECTRAL  ANALYTICAL  DENSITIES 

Various  analytical  densities  differ  from  each  other  in  the  type  of 
measure  in  which  the  amounts  of  each  of  the  dyes  of  the  dye  images 
arc  expressed.  One  of  the  simplest  types  of  measure  is  that  of  the 
density  of  the  dye  at  some  chosen  wavelength.  The  amount  of  cyan 
dye,  for  example,  in  a  given  piece  of  film  may  be  expressed  in  terms 
of  the  density  which  this  dye  has  at,  say,  650  m /*.  Although  not  abso¬ 
lutely  necessary,  the  wavelengths  chosen  are  generally  in  the  red  spectral 
region  for  cyan  dyes,  in  the  green  spectral  region  for  magenta  dyes, 
and  in  the  blue  spectral  region  for  yellow  dyes.  Frequently,  the  wave¬ 
length  is  chosen  to  correspond  to  the  wavelength  of  maximum  absorp¬ 
tion  of  the  dye. 
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neutral  densities 


equivalent 

Most  useful  of  all  the  analytical  densities  is  equivalent  neutral  density- 
Such  a  density  was  first  described  by  Ileymer  and  Sundhofl (  )> 

called  it  gras  equivalent  density.  Evans  (1938)  mdependently  developed 
the  same  concept  and  an  instrument  for  measuring  the  equivalent  den¬ 
sity.  He  defined  this  type  of  density  for  a  color  photographic  film  image 


Fig.  11-14  Spectral  density  distributions  of  dyes  which  together  form  a  neutral  of 
density  1.00  to  CIE  Illuminant  C. 


as  “the  visual  density  it  would  have  if  it  were  converted  to  a  neutral 
gray  by  superimposing  the  just-required  amounts  of  the  fundamental 
colors  of  the  process.” 

The  relationship  between  equivalent  neutral  density  and  the  spectral 
densities  of  a  selected  set  of  dyes  is  illustrated  in  Figs.  11-14  and  11*15. 
The  curves  c,  in,  and  y  in  Fig.  11-14  show  the  spectral  densities  of  the 
cyan,  magenta,  and  yellow  image  components  which  together  form  the 
neutral  (gray)  shown  by  curve  n.  Although  the  curve  n  does  not  have 
equal  density  at  all  wavelengths  throughout  the  visible  spectrum,  calcu¬ 
lations  show  that  it  is  visually  neutral  for  the  CIE  standard  observer 
with  respect  to  CIE  Illuminant  C. 

1  he  luminous  density  (see  footnote,  p.  189)  of  the  gray  represented  by 
curve  ii  is  1.00.  In  accordance  with  the  definition,  each  of  the  com¬ 
ponent  dyes,  whose  absorption  curves  are  given  by  c,  m,  and  y,  therefore, 
has  an  equivalent  neutral  density  of  1.00. 
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IH  ig.  11-15  Dye-density  distributions,  illustrating  the  definition  of  equivalent  neutral 
density. 
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A  combination  of  different  amounts  of  these  three  dyes  is  shown  in 
Fig.  11*15 a.  As  is  evident  from  the  summation  curve,  this  combination 
is  not  neutral.  In  big.  11  •]  %  the  cyan  dye  is  shown  by  the  solid  curve 
and  sufficient  amounts  of  magenta  and  yellow  dyes  to  make  up  a  neutral 
are  shown  by  the  dashed  curves.  The  density  of  this  neutral  is  1.00. 
The  equivalent  neutral  density  of  the  cyan  of  the  mixture  shown  in 
Fig.  llT5d  is  therefore  1.00. 


Fig.  IT  16  Spectral  density  distributions  of  a  dye  set  which  is  neutral  to  CIE 
Illuminant  C  (dashed  lines),  and  CIE  Illuminant  A  (solid  lines). 

Figure  IT  15c  shows  the  magenta  dye  of  Fig.  llT5d  and  the  corre¬ 
sponding  amounts  of  cyan  and  yellow  dyes  necessary  to  give  a  neutral. 
The  luminous  density  of  this  neutral  is  0.30.  I  lie  equivalent  neutral 
density  of  the  magenta  dye  shown  in  Fig.  IT  15c/  is  also  therefore  0.30. 

Similar  combinations  to  give  a  neutral  for  the  yellow  dye  arc  shown 
in  Fig.  11-15 d.  The  luminous  density  of  this  neutral,  and  consequently 
the  equivalent  neutral  density  of  the  yellow  dye  shown  in  Fig.  lT15d, 

is  0.60. 

When  the  neutral  which  a  set  of  three  dyes  forms  is  spectrally  se¬ 
lective,  such  as  that  shown  in  Fig.  IT  14,  it  may  change  color  when 
viewed  with  illuminants  of  different  spectral  quality.  In  order  for  the 
deposit  to  be  neutral  with  a  different  illuminant,  different  amounts  of 
the  dyes  would  be  required.  Thus,  in  relating  given  amounts  of  the 
dyes  to  equivalent-neutral-density  values,  it  is  necessary  that  the  illumi- 
nant  with  which  they  arc  viewed  be  specified. 
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The  dye  combination  shown  in  Fig.  1 1  -14  represented  a  neutral  when 
viewed  with  CIE  Ilhnninant  C.  These  dye  distributions  and  that  of 
their  neutral  are  reproduced  as  the  dashed  lmes  in  Fig.  1M6.  Ire 
amounts  of  the  same  dyes  which  would  give  a  neutral  of  1.00  when 
viewed  with  CIE  Illuminant  A  arc  shown  by  the  solid  lines. 

In  order  to  associate  a  given  amount  of  a  single  dye  with  a  value  o 
equivalent  neutral  density,  it  is  also  necessary  to  specify  the  spectral 


Fig.  11-17  cx  (solid  line):  cyan  dye  which  forms  neutral  with  magenta  (m)  and 
yellow  (y)  dyes  illustrated  in  the  figure.  C2  (dashed  line):  cyan  dye  which  forms 
neutral  with  magenta  and  yellow  dyes  illustrated  in  Fig.  11-14.  CIE  Illuminant  C 
is  assumed  in  both  cases. 


density  characteristics  of  the  other  two  dyes  of  the  set.  In  Fig.  11-17 
the  cyan  dye  marked  Ci  is  the  same  as  that  illustrated  in  Fig.  11-14, 
except  that  its  amount  has  been  adjusted  to  give  a  neutral,  nly  with  the 
other  two  dyes  shown  as  solid  lines  in  the  figure.  The  cyan  dye  marked 
Co  is  identical  with  that  given  in  Fig.  11-14,  as  is  its  neutral  n2.  In  both 
cases  the  neutral  has  a  luminous  density  of  1.00.  The  amount  of  cyan 
dye  illustrated  by  c2  differs  from  that  illustrated  by  Ci  by  7.4  percent. 

Following  are  descriptions  of  two  instruments  which  give  direct  read¬ 
ings  of  equivalent  neutral  density.  Both  of  these  instruments  make 
use  of  wedges  composed  of  graded  amounts  of  three  dyes  used  in  a 
given  process.  A  third  direct-reading  equivalent  densitometer  has  been 
described  by  Thiels  (1951). 
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EVANS  COLOR  DENSITOMETER 


The  earliest  equivalent  neutral  densitometer  was  that  designed  by 
R.  M.  Evans  (1938).  This  instrument  is  illustrated  in  Fig.  11  T8.  Two 
beams  of  light  from  a  single  source  are  compared  by  a  split-field  cube. 
One  of  these  beams  passes  through  a  calibrated  silver  neutral-density 
wedge,  three  calibrated  density  wedges  made  up  of  the  three  dyes  of 


the  photographic  system,  and  the  sample.  The  comparison  beam  passes 
through  no  variable  elements.  1  he  beams  are  viewed  in  the  comparator 
through  a  microscope. 

With  the  sample  in  place,  one  or  two,  as  required,  of  the  dye  wedges 
and  the  neutral-density  wedge  are  rotated  to  give  a  visual  match  between 


the  sample  beam  and  comparison  beam.  These  two  steps  arc  accom¬ 
plished  by  means  of  a  series  of  successive  approximations.  When  a 
match  has  been  secured,  the  equivalent  neutral  density  of  the  d\c  in 
the  sample  whose  wedge  was  not  moved  equals  the  calibration  sea  e 
reading  of  the  neutral  wedge.  The  equivalent  neutral  density  of  each 
of  the  other  two  dyes  in  the  sample  equals  the  neutral-wedge  sea  e 

reading  minus  the  dye-wedge  scale  reading. 

The  neutral-wedge  scale  is  calibrated  in  the  instrument  with  the  aid 
of  a  series  of  neutral  samples  of  known  densities  The  zero  point  on 
the  calibration  scale  corresponds  to  a  neutral-wedge  densi  y  n  a 
maximum  Seale  values  increase  linearly  from  the  zero  point  with 
decrease  in  wedge  density.  Calibrations  of  the  dye  wedges  are  mad 
against  the  neutral  wedge.  With  no  sample  m  the  beam,  one  of  the 
dye  wedges  is  placed  at  some  arbitrary  position  near  its  minimum 
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sity  The  other  two  dye  wedges  are  then  rotated  to  give  a  neutral  and 
the  neutral-wedge  dens.ty  redueed  to  give  a  brightness  ™teh  w.‘h  the 
comparison  beam,  'the  neutral-wedge  scale  reading  at  this  point 
marked  on  the  scales  of  each  of  the  dye  wedges.  The  first  dye  wedge 
is  then  moved  to  a  new  position  of  slightly  higher  density,  and  the 

process  repeated.  .  .  „  , 

Equivalent-neutral-density  readings  depend  critically  upon  the  absorp¬ 
tion  curves  of  the  dyes  used  in  the  dye  wedges.  If  the  readings  are  to 
conform  strictly  to  definition,  the  absorption  distributions  of  the  dyes 
in  the  wedges  must  be  identical  with  those  of  the  photographic  image. 
Furthermore,  for  the  Evans  Densitometer,  the  Log  D  law  (see  p.  345) 
must  hold.  This  is  indicated  by  the  fact  that  the  equivalent  neutral 
densities  of  each  of  the  dyes  must  be  additive;  that  is,  the  combined 
density  of  two  different  quantities  of  the  same  dye  must  equal  the  sum 
of  the  densities  of  the  two  components. 


color-comparison  analytical  densitometer 

Equivalent  neutral  readings  can  also  be  obtained  by  means  of  a  direct 
color  match  between  light  through  the  sample  and  through  dye  wedges. 
One  such  instrument,  of  the  physical  type,  is  illustrated  in  Fig.  11-19. 
Two  beams  are  taken  off  in  different  directions  from  the  same  source. 
A  beam  alternator  rotates  in  the  beam  paths,  interrupting  one  beam 
and  then  the  other  in  rapid  succession.  One  beam  passes  through  the 
film  sample  and  the  other  through  three  dye  wedges  made  up  of  the 
dyes  of  the  type  used  in  the  image  being  tested.  The  two  beams  are 
then  brought  together  by  means  of  Incite  rods  and  made  incident  upon 
the  surface  of  a  rotating  disk  containing  sections  of  red,  green,  and 
blue  filters.  Light  of  the  beams  passing  through  these  filters  is  made 
incident  upon  the  sensitive  surface  of  an  electron  multiplier  phototube. 
The  phototube,  in  turn,  is  connected  electrically  to  an  oscilloscope. 
When  the  instrument  is  in  operation,  the  beam  alternator  and  filter 
wheel  are  synchronized  so  that  light  from  the  sample  beam  passes 
through  one  of  the  filters;  then  light  from  the  comparison  beam  passes 
through  the  same  filter.  Successive  light  flashes  from  the  same  two 
beams  then  pass  through  the  second  filter,  then  through  the  third  filter, 
and  so  on,  the  whole  sequence  being  repeated  over  and  over.  The 
result  in  the  phototube  is  a  series  of  flashes,  pairs  in  sequence  being 
of  the  same  color  from  the  sample  and  the  comparison  beam,  respec¬ 
tively.  The  sweep  of  the  oscilloscope  is  adjusted  to  equal  one  revolution 
of  the  filter  wheel.  On  the  oscilloscope  screen,  therefore,  are  seen  six 
short  lines,  one  pair  corresponding  to  each  color.  When  first  viewed 
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with  a  sample  in  place,  the  two  lines  of  each  pair  will  be  displaced 
vertically  with  respect  to  each  other.  By  properly  positioning  the  dye 
wedges,  however,  these  displacements  can  be  eliminated.  When  this 
has  been  accomplished,  calibrations  on  the  wedges  give  directly  the 
equivalent  neutral  densities. 


O 


Phototube 

Fig.  11-19  Color-Comparison  Analytical  Densitometer. 


The  wedges  may  be  calibrated  by  means  of  a  series  of  neutral  film 
patches  whose  densities  have  been  determined  on  a  standard  black-and- 
white  density  measuring  instrument.  Film  patches  which  arc  not  neu¬ 
tral  may  also  be  used  if  their  equivalent  neutral  densities  have  been 
established  by  other  means.  In  either  case,  the  film  patches  must  be 
made  up  of  the  dyes  of  the  particular  process  for  which  readings  are 

to  be  made.  .  , 

As  in  the  case  of  the  Evans  Densitometer,  the  dyes  in  the  wedges 

must  be  identical  spectrophotometrically  w.tli  the  dyes  m  the  color  film, 
if  correct  readings  are  to  result.  As  the  dyes  from  one  are  never  placed 
in  the  same  beam  with  the  dyes  of  the  other,  however,  no  assumption 
of  density  additivity  are  necessary.  1  o  this  extent,  therefore,  the  r  , 
of  this  instrument  are  more  reliable  than  are  those  of  the  Evans  Densi¬ 
tometer.  The  instrument  is  not  completely  automatic,  an  opera 
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being  necessary  to  adjust  the  dye  wedges  and  to  determine  when  the 

1>aifSrt,?EvLTinC™tLatereemodified  so  that  the  sample  and  dye 
wedges  were  in  separate  beams,  the  density  additivity  problem  won 
be  eliminated,  but,  because  the  fields  then  matched  would  in  some 
cases  he  highly  chromatic,  the  precision  of  measurement  would  be 

decreased. 


equivalent  neutral  printing  densities 

The  printing  characteristics  rather  than  the  visual  characteristics  aic 
of  interest  for  a  color  photographic  material  designed  to  serve  as  an 
intermediate.  Another  type  of  analytical  density,  equivalent  neutral 
printing  density,  has  been  devised  for  the  measurement  of  the  images 
of  such  materials  in  terms  of  their  colorant  components. 

The  equivalent  neutral  printing  density  for  any  sample  area  of  a 
film  may  be  defined  as  the  printing  density  it  would  have  if  the  just- 
required  amounts  of  the  other  fundamental  colors  of  the  process  were 
added  to  make  it  print  the  same  as  a  nonselective  neutral.  The  defini¬ 
tion  is  analogous  to  that  for  equivalent  neutral  visual  density,  except 
that  a  photographic  emulsion  rather  than  the  eye  serves  as  the  receptor. 
In  accordance  with  this  definition,  the  measured  values  for  any  material 
depend  upon  the  spectral  distribution  of  the  illumination  used  for  the 
printing  exposures,  and  upon  the  spectral  sensitivity  characteristics  of 
the  photographic  process  by  which  the  print  is  made.  The  colorant 
combination  in  the  sample  whose  printing-density  characteristics  are 
to  represent  a  neutral  is  not,  in  general,  neutral  when  examined  visually, 
and  it  does  not  necessarily  give  a  neutral  print.  The  criterion  is  that 
it  give  a  print  identical  to  that  which  would  be  obtained  with  a  non- 
sclective  neutral. 

Densitometers  of  the  Evans  type  have  been  modified  for  the  direct 
measurement  of  equivalent  neutral  printing  densities. 


Relationships  between  Integral  and  Analytical  Densities 

In  that  the  images  in  a  color  film  arc  composed  of  three  dyes,  the 
integral  and  analytical  density  values  which  describe  these  images  arc 
related  to  the  amounts  of  the  dyes  that  are  present,  and  thus  they 
must  be  related  to  each  other. 

In  Chapter  IX  (p.  345)  it  was  shown  that,  in  accordance  with  the 
Log  D  law,  the  spectral  density  at  any  given  wavelength  of  a  dye 
solution  varies  linearly  with  the  spectral  density  at  any  other  wavelength 
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as  the  concentration  of  the  dye  is  varied.  Dye  deposits  in  color  photo¬ 
graphic  images  do  not  follow  this  law  as  closely  as  do  dyes  in  solution. 
Nevertheless,  the  departures  are  usually  small,  and  in  the  following 
treatment,  unless  otherwise  explicitly  stated,  it  will  be  assumed  that 
the  Log  D  law  is  obeyed. 

INTEGRAL  DENSITY  AS  A  FUNCTION  OF  DYE 
SPECTRAL  DENSITY 

Even  though  the  spectral  density  of  a  dye  at  any  wavelength  is  linearly 
related  to  the  spectral  density  at  any  other  wavelength,  it  does  not  follow 


0.0  1.0  2.0  3.0  4.0 


Spectral  density 

Fig.  11-20  Integral  densities  as  functions  of  spectral  densities;  (a)  cyan  dye  to  red 
light  against  spectral  density  at  620  mu,  (b)  magenta  dye  to  green  light  against  density 
at  540  m/i,  (c)  cyan  dye  to  green  light  against  density  at  620  m,u,  and  (d)  magenta 
dye  to  red  light  against  density  at  540  m/z. 


that  printing  densities,  filter  densities,  or  other  integral  densities,  meas- 
ured  with  broad  bands  of  radiant  energy,  will  be  linearly  related  to  each 
other  or  to  spectral  densities.  The  nature  of  the  actual  relationships 
may  be  determined  experimentally,  or,  provided  that  the  spectral  density 
characteristics  of  the  dye  are  known,  they  may  be  calculated. 

For  example,  let  11s  consider  the  cyan  and  magenta  dyes  whose  re¬ 
spective  spectrophotometric  curves  were  given  in  Fig.  U'H. SuPP°“ 
that  the  integral-density  measurements  are  made  with  \\  ratten  filters 
25  (red)  and  58  (green)  and  that  the  spectral  densities  are  measured 
at  wavelengths  of  620  m*  and  540  These  particular  wavelengths 

were  chosen  because  they  correspond  to  peaks  of  absorption  of  the  w 
dyes  Many  cyan  dyes  used  in  color  photography  have  their  peaks 
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of  these  wavelengths  might 


nearer  660  or  680  m/*,  and  for  such  dyes  one 

bCIn  (a)  of  Fig.  11*20  the  integral  density  of  cyan  dye  to  the  red  light 
transmitted  by  the  Kodak  Wratten  Filter  25  and  incident  upon  a 
phototube  with  an  S-9  response  characteristic  is  plotted  as  a  function 
of  spectral  density  at  620  m*.  It  is  seen  that  there  are  appreciable 
deviations  from  linearity.  The  corresponding  curve  of  the  magenta 
dye  to  green  light,  plotted  against  spectral  density  at  540  m /*,  is  shown 
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Fic.  11-21  Integral  densities  for  filter  and  photocell  combination  used  in  Eastman 
Electronic  Densitometer  as  functions  of  spectral  density;  (d)  cyan  dye  to  red  light 
against  spectral  density  at  620  mu,  ( b )  magenta  dye  to  green  light  against  spectral 
density  at  540  ni/u,  (c)  cyan  dye  to  green  light  against  density  at  620  m^t,  and  ( d ) 
magenta  density  to  red  light  against  density  at  540  m/x. 

in  (b),  again  with  departures  from  linearity.  In  (c),  where  cyan  density 
to  green  light  is  plotted  against  spectral  density  at  620  m fi,  the  slope 
of  the  curve  is  greatly  reduced.  The  corresponding  curve  for  magenta 
dye  to  red  light  is  shown  at  ( d ).  The  slopes  of  all  these  curves  would, 
of  course,  change  if  different  wavelengths  for  the  spectral  densities 
were  used. 

The  filters  used  in  determining  the  red  and  green  integral  densities 
in  Fig.  11-20  transmit  rather  broad  spectral  regions.  For  filters  with 
narrower  wavelength  transmittances,  the  departures  from  linearity  are 
not  so  great.  1  his  is  illustrated  in  Fig.  11-21  for  integral  densities 
based  upon  the  use  of  the  filters  transmitting  narrow  spectral  regions 
of  light  centered  about  436  m*  546  nV,  and  644  m^.  These  integral 
densities  are  essentially  linearly  related  to  spectral  densities  up  to  spectral 
densities  of  approximately  3.0. 
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Wavelength  (m^u) 

Fig.  11-22  Spectral  density  distributions  of  three  red  filters  in  which  the  widths  of 
the  transmission  bands  differ  (D.  M.  Gorman  and  C.  A.  Horton,  private  communi¬ 
cation). 


Sum  of  measured  densities 

Fig  11-23  Densities  of  superimposed  cyan  and  magenta  film  patches  minus  the 
sums  of  the  densities  of  the  individual  patches  of  each  pair  as  functions  of  the  su 
of  the  densities.  The  letters  (a),  (6),  and  (e)  indicate  the  filters  of  F^  l 1  ^  h 
which  the  measurements  were  made  (D.  M.  Gorman  and  C.  A.  Horton,  private 

communication). 
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additivity  of  integral  density 

In  Charter  X  it  was  shown  that  the  spectral  density  of  two  or  more 
elves  “solution  was  equal  to  the  sum  of  the  specfral  densities  of  the 
two  dyes  taken  separately,  provided  that  there  was  little  or  no  diffusion 
fluorescence,  or  other  such  extraneous  phenomena.  This  type  o  addi¬ 
tivity  relationship,  however,  does  not  necessarily  hold  for  integral  density 
measured  bv  means  of  filters  with  broad  transmittance  bands. 

For  example,  in  Fig.  11-22  are  shown  the  spectral  density  distributions 
of  three  different  red  filters.  Each  of  these  filters  was  used  to  measure 
the  densities  of  a  series  of  patches  on  a  cyan  strip  and  on  a  magenta 
strip  and  then  to  measure  the  densities  of  the  same  patches  with  the 
two  strips  superimposed.  The  deviations  from  additivity  are  illustrated 
in  Fig.  11-23.  The  abscissa  gives  the  sum  of  the  singly  measured  values 
and  the  ordinates  give  the  differences  between  the  sum  of  these  singly 
measured  values  and  the  measured  values  of  the  two  superimposed. 
For  a,  corresponding  to  the  filter  of  widest  transmission,  the  deviations 
from  additivity  are  greatest,  particularly  at  the  higher  densities,  bor 
the  narrowest  band  filter,  c,  there  arc  no  noticeable  departures  from 
additivity. 


SPECTRAL  ANALYTICAL  DENSITIES  FROM  INTEGRAL 
DENSITIES 

Curve  s  of  Fig.  11-24  represents  the  spectral  densities  of  an  image 
consisting  of  three  dyes.  An  increase  or  decrease  in  the  amount  of 
any  one  of  the  three  dyes  in  this  image  would  result  in  a  corresponding 
increase  or  decrease  in  density  at  all  wavelengths.  The  combined  density 
of  the  three  dyes  at  any  one  wavelength  does  not  therefore  indicate 
the  extent  to  which  any  one  of  the  three  dyes  contributes  to  this  density. 
However,  each  dye  is  characterized  by  a  particular  spectral  absorption 
distribution,  and,  therefore,  the  extent  to  which  each  dye  contributes 
to  the  spectral  densities  of  any  combination  of  the  dyes  can  be  deter¬ 
mined  from  density  measurements  at  three  wavelengths. 

We  shall  denote  the  amounts  of  the  three  dyes  by  o',  m',  and  /  and 
define  these  amounts  in  terms  of  spectral  densities.  By  this  definition 
we  mean  that  a  unit  amount  of  each  dye  will  be  the  amount  which 
has  a  spectral  density  of  1 .00  at  a  wavelength  near  the  peak  of  absorption 
of  the  dye.  The  wavelengths  are  labeled  R,  G,  and  B  for  the  cyan, 
magenta,  and  yellow  dyes,  respectively.  Densities  of  these  unit  amounts 
of  each  dye  at  each  of  the  other  two  wavelengths  must  also  be  known. 
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I  here  are  six  such  densities  and  they  can  be  designated  conveniently 
as  Gc,  Bc,  Bm,  Rm,  Gy ,  and  Rv.  These  densities  are  noted  in  Fig.  11  -24, 
and  their  numerical  values  for  the  particular  dyes  illustrated  are  given 


Fig.  11-24  Spectral  density  distributions  of  three  dyes  and  their  mixture.  Peak 
densities:  yellow  dye,  1.00  at  410  ni/u;  magenta  dye,  1.00  at  540  mu,  and  cyan  dye, 
1.00  at  620  m/i. 


in  the  table  of  Fig.  11*25.  The  letters  R,  G,  and  B  are  used  to  denote 
the  color  (red,  green,  or  blue)  of  the  light  used  in  making  the  measure¬ 
ment,  and  c,  in,  and  y  (cyan,  magenta,  and  yellow)  for  the  dye  for  which 
the  measurement  is  made.  On  this  basis  it  is  evident  that  Rc  =  Grn  = 
By  =  1.00. 

Figure  11*25 


Densities  at 
( R )  620  m/a 

(G)  540  m ix 

(B)  410  m m 

Fig.  11*25  Spectral  densities 
three  wavelengths  indicated  in 


(0 

(/«) 

OO 

Cyan 

Magenta 

Yellow 

Dye 

Dye 

Dye 

1.000 

0.059 

0.013 

0.220 

1 .000 

0.048 

0.254 

0.154 

1.000 

of  each  of  the  dyes  of  Fig.  11*24  at  each  of  the 
that  figure. 


Let  us  now  consider  these  same  three  dyes  in  amounts  which  differ 
from  those  given  in  the  figure.  For  any  given  amount  of  cyan  dye 
e',  the  density  of  this  dye  to  red  light  would,  of  course,  be  d.  1  he 
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density  to  green  light  would  be  the  product  G,c\  the  density  to  blue 

light  B,c',  and  so  on.  .  ,  ,  v  f 

The  spectral  densities  IX,  D„  and  D„  to  red,  green  and  blue  lig  , 

respectively,  of  any  combination  of  these  dyes  as  given  by  c ,  m  ,  and  / 
will  be  the  sums  of  the  spectral  densities  contributed  by  each  component 
as  shown  in  the  following  equations: 


Dr  =  c'  +  R„y  +  Rvy' 

Dg  =  Gcc'  +  m!  +  Gvy'  (\\-3a) 

Db  =  Bcc'  +  Bmm'  +  y' 

If,  now,  the  densities  Dr,  Df/,  and  Db  arc  known,  as  are  the  coefficients 
Bm,  Gy,  and  so  on,  values  of  c',  m',  and  y'  can  be  obtained  by  simple 
algebraic  procedures.  I  he  solution  is  shown  by  the  following  equations. 


c'  =  crDr  +  cgDg  +  CbDb 
m'  =  inrDr  +  Dg  +  wibDb  (11  ’3^) 

y'  =  yrDr  +  ygDg  +  V&D?, 

where 

cr  =  (1  /A)  (1  —  GyBm)  cg  =  -(1/A )(Rm  -  RyBm) 
mr  =  -(1/A  )(GC  —  GyBc)  nig  =  (1/A)  (1  —  RyBc ) 
yr  =  (1/A ){GcBm  -  Br)  yg  =  -(1/A )(Bm  -  RmBc ) 


Cb  —  (l/A)(/?mG2/  —  Ry ) 


mh  =  —  (1/ A)(Gy  —  RyGr) 


and 


3^6  =  (1/ A)(l  -  RmGc ) 


A  = 


1  Rm  Ry 
GC  1  Gy 

Bc  Bm  1 


The  operation  can  be  described  more  conveniently  in  the  notation 
of  matrix  algebra.  Letting  A  denote  the  matrix: 


/ 1  Rm  Ry\ 

J  =  [gc  1  gA 

XBC  Bm  1  / 
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Then  equation  1 1  •  3ci  is  written  as 


and  equation  11-3 b  becomes 


(11-4*) 


(11-44) 


With  these  equations  it  is  possible  to  calculate  the  spectral  analytical 
densities  in  terms  of  o',  m',  and  y'  of  any  unknown  combination  of  these 
three  dyes  by  making  spectral  density  measurements  of  the  unknown 
deposit  at  the  three  wavelengths.  For  the  example  numbers  given  in 
the  table  of  Fig.  11-25,  the  equations  would  be 


Dr  =  c'  +  0.059m '  +  0.013/ 

Dg  =  0.220c'  +  m'  +  0.048/  (1 1  •  5a) 

Db  =  0.254c'  +  0.154  m'  +  / 

and 

c'  =  1. 01 5Dr  -  0.058Dg  -  0.010D6 

m'  =  -0.213D,  +  1.019Dg  -  0.046D6  (11-54) 

/  =  -0.22 5Dr  -  0.142//  +  1.010D& 


In  practical  color  densitometry,  integral-density  measurements  are 
made  usually  with  three  filters,  rather  than  with  three  monochromatic 
lines.  In  such  cases,  it  is  quite  important  to  insure  that  the  transmission 
bands  of  the  three  filters  are  sufficiently  narrow,  so  that  the  integral- 
density  readings  of  each  dye  alone  will  be  essentially  linear  with  spectral 
density  and  that  the  integral  densities  of  the  various  dye  deposits  will 
be  additive.  The  values  of  the  various  constants  given  in  Fig.  11-25 
normally  are  not  obtained  from  spectrophotometric  curves  of  the  dyes, 
but  rather  by  direct  measurements  made  on  the  individual  dyes  with 
the  densitometer  being  used.  A  typical  calibration  procedure  ma\  k 
illustrated  by  means  of  an  example  from  a  hypothetical  process. 

Suppose  that  a  concentration  series  of  each  of  the  three  dyes  of  the 
process  is  at  hand.  The  actual  values  of  these  concentrations  need  not 
be  known,  nor  is  it  necessary  to  have  spectrophotometric  curves  of  the 
individual  dyes.  The  cyan-dye  density  readings  are  taken  at  each  con- 
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i  HlP  three  selected  filters  on  the  densitometer  in 
central, on  t ^iro  tl^  ^  ]ight  of  flic  cyan  dye,  designated  as 

D  “  “then  plotted  against  its  density  to  red  light,  designated  as  DA 
?Uc  result  assumed  in  our  present  example  is  shown  m  the  upper  part 
of  Fig.  1 1  -26.  The  lower  half  of  the  same  figure  shows  the  correspon 


(b) 

Fig  11-26  Density  of  the  cyan  dye,  as  a  function  of  its  density  to  red  light,  (a)  to 
green  light  and  (fa)  to  blue  light  (D.  M.  Gorman  and  C.  A.  Ilorton,  private  com¬ 
munication). 


ing  plot  of  D„c  as  a  function  of  Dr°.  The  slopes  of  these  lines  give 
the  values  of  Gc  and  Bc.  The  degree  to  which  the  measured  points 
fall  on  a  straight  line  is  a  check  as  to  whether  the  dye  follows  the 
Log  D  law,  and  as  to  whether  the  transmission  band  of  the  filter  selected 
is  sufficiently  narrow  so  that  the  measured  density  is  linear  with  spectral 
density.  In  practice,  lack  of  linearity  of  the  density  ratios  is  frequently 
encountered,  owing  to  an  incomplete  removal  of  infrared  light  from 
the  optical  path  of  the  densitometer.  When  density  plots  similar  to 
those  shown  in  Fig.  11-27  are  obtained  it  is  usually  an  indication  that 
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Blue  density 

I'  ig.  11-2  7  Density  of  yellow  dye  to  green  light  as  a  function  of  its  density  to  blue 
light.  The  density  readings  arc  made  with  filters  transmitting  infrared  and  with  no 
infrared  absorber  in  the  beam. 

the  blue  filter  used  in  making  the  density  reading  has  high  infrared 
transmission  and  that  the  light  beam  contains  a  considerable  amount 
of  infrared  radiation. 
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Iii  Figs.  11-28  and  11-29  arc  shown  the  curves  for  the  magenta  and 
yellow  dyes.  The  densities  in  the  wavelength  regions  of  lower  absorp¬ 
tion  in  each  case  are  plotted  against  the  densities  in  the  regions  of 


CD 


Fig.  11-28  Density  of  the  magenta  dye  to  red  light  (above)  and  to  blue  light 
(below)  as  a  function  of  its  density  to  green  light  (D.  M.  Gorman  and  C.  A.  Horton, 
private  communication). 


Blue  density 


Fig.  11-29  Density  of  the  yellow  dye  to  green  light  (above)  and  to  red  light  (below) 
as  a  function  of  its  density  to  blue  light  (D.  M.  Gorman  and  C.  A.  Horton,  private 
communication). 


greatest  absorption.  The  values  of  the  slopes  of  all  these  curves  are 
tabulated  in  Fig.  11-30.  Substituting  these  values  in  equations  11*M 


Figure  11-30 


Fig. 


(c) 

Cyan 

Dye 

(K)  Red  density 
(G)  Green  density 
(B)  Blue  density 

11-30  Values  of  the  slopes 


(m)  09 

Magenta  Yellow 

Dye  F>ye 

0.100  0.020 

0. 160 

0.200 

Fig.  11-26,  11-28,  and  11-29. 


0.120 
0.080 

of  the  curves  in 
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we  obtain 


Dr  =  1.000c'  +  0.100*'  +  0.020/ 

Ds  =  0.120c'  +  1.000m'  +  0.160/  (U-6a) 

Db  =  0.080c'  +  0.200m'  +  1 .000/ 

When  these  are  solved  for  d,  m’,  and  /  we  obtain  the  following  equa- 
tions: 

c>  =  1.012Dr  -  O.lOODg  -  0.004D6 

m'  =  —  0.112Dr  +  1.044D*  -  0.157D6  (11-6^) 

/  =  -0.059 Dr  -  0.201  Dg  +  1.033D& 

Thus,  when  the  values  of  Dr,  Du,  and  Db  for  any  deposit  composed 
of  these  three  dyes  are  determined,  values  of  d ,  m',  and  /,  the  spectral 
analytical  densities,  may  be  calculated. 

Even  though  data  of  the  type  shown  in  Figs.  1 T  26,  11-28,  and  11-29 
indicate  linear  relationships,  there  is  no  assurance  that  the  densities 
of  the  various  dyes  will  be  additive.  As  the  assumption  of  additivity 
is  involved  in  the  transformation  equations,  an  experimental  check  on 
additivity  should  be  made  to  insure  that  the  transmission  bands  of  the 
filters  used  in  the  density  readings  are  sufficiently  narrow.  Various 
combinations  of  the  different  single  dyes  should  be  measured  together 
to  check  this  additivity.  Results  of  additivity  experiments  have  already 
been  discussed  and  were  illustrated  in  Fig.  11-23. 

If,  to  measure  high-density  patches,  it  is  necessary  to  use  filters  with 
wider  spectral  bands  of  transmittance,  thus  giving  rise  to  departures 
from  linearity  and  additivity,  it  is  possible  to  establish  nonlinear  equa¬ 
tions  which  would  give  satisfactorily  accurate  values  for  analytical  den¬ 
sity.  The  basic  method  of  working  out  the  conversion  equations  would 
not  be  essentially  different  when  nonlinearities  are  present,  but  the 
computational  difficulties  are  increased.  The  added  computing  burden 
makes  it  difficult  for  such  a  procedure  to  compete  in  utility  with  the 
direct  measurement  of  analytical  densities. 

EQUIVALENT  NEUTRAL  AND  SPECTRAL  ANALYTICAL 
DENSITIES 

After  the  relationships  between  spectral  analytical  densities  and  equiv¬ 
alent  neutral  densities  of  a  given  dye  system  have  been  established,  it 
is  possible  to  calculate  equivalent  neutral  densities  from  analytical  spec¬ 
tral  densities  or  from  integral  densities.  The  example  discussed  earlier 
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in  establishing  spectral  analytical  densities  is  typical.  A  given  set  of 
dyes,  c,  m,  and  y,  was  shown  in  Fig.  11-24,  in  amounts  such  that  each 
had  a  spectral  density  at  its  peak  absorption  of  1.00.  Ihe  combination 
of  these  three  dyes  was  also  shown.  1  he  spectral  curves  of  the  amounts 
of  these  three  dyes  required  to  give  a  visual  neutral  having  a  density 
of  1.00  when  viewed  under  CIE  Illuminant  C  by  the  standard  observer 
were  shown  in  hig.  11-14.  The  calculations  required  in  determining 
this  neutral  were  made  by  the  methods  described  in  Chapter  X. 

From  the  definitions  of  equivalent  neutral  density  (see  p.  429),  it  is 
evident  that  each  of  the  dyes  in  the  amount  shown  in  Fig.  11-14  has 
an  equivalent  neutral  density  of  1.00.  This  amount  of  the  cyan  dye 
has  a  spectral  density  (at  620  m/x)  of  1 .052,  the  magenta  spectral  density 
(540  m/x)  is  0.751,  and  the  yellow  spectral  density  (410  m/x)  is  0.826. 
Thus,  the  equivalent  neutral  densities,  c,  m,  and  y,  are  related  to  the 
analytical  spectral  densities,  c',  m',  y',  by  the  following  equations: 

r  =  (1/1.052)^=  0.95k' 
m  =  (1/0.751);//'  =  1.332;;/'  (11-7//) 


y  =  (1/0.826)/  =  1.211/ 

By  combining  these  equations  with  equations  1 1  •  5b,  which  related 
spectral  analytical  density  to  integral-density  measurements  at  the  three 
wavelengths,  we  obtain  the  relationship  between  equivalent  neutral 
density  and  integral-density  values: 

c  =  0.965Dr  -  0.055D/-[0.010D6 

;;/  =  —  0.284Dr  4-  1 .357//  -  0.061D,,  (11*7, b) 


y  =  — 0.272ZX  -  0.172Dg  4-  1.223D& 

The  proportionality  constants  given  in  equations  11  'la  are  based 
upon  the  spectral  absorptions  of  the  dyes  at  particular  concentrations, 
i.e.,  those  concentrations  corresponding  to  an  equivalent  neutral  density 
of  1.00.  As  applied  in  these  equations,  and  in  equations  11 -7b,  it  is 
assumed  that  the  same  constants  hold  at  any  other  concentration.  1  his 
would  be  strictly  true,  if,  in  addition  to  the  applicability  of  the  Log  D 
law  and  the  additivity  relationships  already  discussed,  the  neutral  for 
the  dve  mixtures  were  nonsclective.  For  many  dye  systems  the  depar¬ 
tures  from  nonselectivity  are  not  great  enough  to  affect  the  values  o 

these  constants  appreciably.  . 

In  practical  color  densitometry  the  filters  often  do  not  have  sufficiently 
narrow  transmission  bands  to  give  spectral  density  readings.  Corre- 
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spending  to  the  spectral  analytical  densities,  a  unit  analytical  densi  y 
amount  of  each  dye  in  this  case  is  defined  as  that  having  a  density  o 
1  0  with  the  filter  whose  maximum  transmittance  is  nearest  the  peak 
of  absorption  of  the  dye.  Determination  of  the  equivalent  neutral 
densities  requires  that  one  have  at  hand  one  or  more  neutrals  composed 
of  the  three  dyes  in  question.  The  fact  that  this  or  these  neutrals  are 
truly  neutral,  and  the  value  of  the  luminous  density  which  each  repre¬ 
sents,  must  be  established  by  some  means  other  than  with  the  densi¬ 
tometer  which  is  being  calibrated.  Once  these  neutrals  are  available, 
it  is  necessary  only  to  read  their  integral-density  values  on  the  densi 
tometer  being  calibrated  and  from  these  to  calculate  the  corresponding 
analytical  density  values.  Comparisons  between  these  and  the  known 
equivalent-neutral-density  values  lead  to  equations  similar  to  equations 
11-7 a.  If  the  neutral  formed  by  the  three  dyes  is  nonselective,  the 
ratio  between  the  analytical  and  equivalent  neutral  densities  will  be 
constant.  Each  of  the  neutral  samples  measured  then  leads  to  the  same 
equations.  If  the  neutral  is  selective,  however,  the  values  may  be 
slightly  different  at  different  density  levels.  Some  sort  of  average  value 
must  be  determined  by  statistical  or  graphical  methods.  Alternatively, 
equations  11 -7a  may  be  put  in  a  nonlinear  form,  though  this  is  not 
the  common  practice. 

If  the  samples  of  neutrals  obtained  for  use  in  this  type  of  calibration 
are  visual  neutrals  with  a  given  illuminant,  the  measurements  on  the 
densitometer  and  conversions  to  equivalent  neutral  density  by  means 
of  equations  similar  to  equations  1 1  •  lb  lead  to  expressions  of  the 
amounts  of  dye  in  a  given  area  in  terms  of  equivalent  neutral  density 
with  regard  to  this  illuminant.  If  the  deposits  were  those  which  would 
print  as  a  nonselective  silver  neutral  would  print  on  a  given  print 
material,  rather  than  those  which  were  visually  neutral,  then  the  con¬ 
version  equations  would  give  equivalent  neutral  printing  densities. 

Where  equivalent  neutral  densities  are  to  be  obtained  from  integral 
densities  for  large  numbers  of  readings,  it  is  convenient  to  devise  special 
computing  instruments  to  carry  through  the  necessary  calculations. 
Analogue  computers,  of  which  there  are  a  variety  of  possible  designs, 
serve  very  well  for  this  purpose.  The  constants,  such  as  are  given  in 
equations  11-7 b,  for  any  particular  transformation  can  be  entered  into 
the  equipment  by  fixed  resistors  or  fixed  potentiometers.  Values  of 
Dr,  Dg,  and  Db  are  entered  on  potential  dividers  and  the  computer 
indicates  the  values  of  c,  m,  and  y.  These  computers  can  be  attached 
directly  to  integral  densitometers,  with  the  integral-density  readings  fed 
automatically  into  the  converter. 


449 


COMPARISON  OF  EQUIVALENT-NEUTRAL-DENSITY 
VALUES  DETERMINED  BY  DIFFERENT  METHODS 

1  hree  different  methods  of  measuring  equivalent  neutral  density  have 
been  described,  two  being  the  direct-measurement  methods  using  the 
Evans  Color  Densitometer  and  the  Color  Comparison  Analytical  Densi¬ 
tometer,  the  third  involving  a  conversion  from  integral-density  measure¬ 
ments.  In  any  given  case  these  three  methods  of  determining  equivalent 
neutral  density  may  lead  to  slightly  differing  values,  depending  to  a 
large  extent  upon  the  characteristics  of  the  three  dyes  which  make  up 
the  image.  In  all  three  cases  it  must  be  assumed  that  the  three  dyes 
which  occur  in  the  three-color  image  are  available  separately,  or  that 
their  spectral  density  distributions  are  known.  In  the  case  of  conver¬ 
sions  from  integral-density  measurements,  they  are  necessary  for  estab¬ 
lishing  the  constants  in  the  conversion  equations.  In  the  case  of  the 
two  direct-measuring  instruments,  they  are  necessary  for  preparing  the 
dye  wedges.  If  these  separate  dye  deposits  are  not  identical  with  those 
occurring  in  the  three-color  process,  errors  will  of  course  be  encountered 
in  all  the  methods. 


ERRORS  ARISING  FROM  LOG  D  LAW  FAILURE 

If  for  any  reason  the  dyes  do  not  follow  the  Log  D  law,  certain  errors 
will  be  encountered  in  equivalent-neutral-density  measurements  made 
by  the  Evans  Color  Densitometer  and  by  the  integral-density-conversion 
method.  The  Color  Comparison  Analytical  Densitometer  does  not  lead 
to  errors  from  this  cause.  I  he  Evans  Densitometer,  in  reading  a  gi\cn 
deposit  of  three  dyes,  converts  this  to  a  neutral  by  the  addition  of  two 
dyes  in  the  wedges  of  the  instrument.  The  value  of  the  neutral  so 
obtained  then  represents  the  equivalent  neutral  density  of  the  predomi¬ 
nant  dye  in  the  sample,  and  the  values  of  the  other  two  are  obtained 
by  subtracting  the  calibrated  dye-wedge  readings  from  this  neutral  wedge 
reading.  In  case  of  Log  D  law  failure,  the  amount  of  dye  added  to 
the  deposit  by  the  wedge  of  the. densitometer,  being  at  a  different  level 
of  concentration  from  the  dye  which  would  have  been  actually  addcc 
to  the  deposit  to  make  it  a  neutral,  will  be  different  in  nature,  and 
an  error  will  result.  Such  errors  approach  zero  as  the  sample  in  question 

approaches  neutral.  .  ,  .. 

In  the  case  of  the  integral-density-conversion  method,  the  density 

plots  similar  to  those  shown  in  h'igs.  11-26,  11-28,  and  11-29  wi  no 
be  linear  if  the  dyes  do  not  follow  the  Log  D  law.  The  eoeffie.ents 
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required  in  the  conversion  equations  will  not  be  constant.  If  simple 
conversion  equations  are  established  by  making  approx, .nations  to  line- 

aritv,  some  error  will  result.  .  , 

Since  the  Color  Comparison  Analytical  Densitometer  synthesizes  t 
sample  deposit  by  three  wedges  and  presents  two  identical  samples  in 
the  two  beams  of  the  instrument,  Log  D  law  failure  of  the  dyes  in 
the  sample  and  of  the  dyes  in  the  wedges  will  not  interfere  with  proper 
measurement  of  equivalent  neutral  density,  provided  that  the  wedges 
have  been  properly  calibrated  with  a  series  of  neutrals  obtained  in  the 

actual  dye  system. 


ERRORS  OWING  TO  THE  SELECTIVITY  OF  THE 
NEUTRAL  FORMED  BY  THE  THREE  DYES 

If  the  neutral  formed  by  the  three  dyes  in  the  process  is  spectrally 
selective,  the  relationship  between  spectral  analytical  density  and  equiv¬ 
alent  neutral  density  will  not  be  linear.  This  may  be  illustrated  with 
respect  to  the  dyes  which  were  shown  in  Fig.  11*14.  The  curves, 
c,  m,  and  y,  in  that  figure,  represent  the  three  dyes  of  a  process,  and 
the  curve,  n,  the  neutral  which  they  form  with  respect  to  CIE  Illumi- 
nant  C.  This  neutral  has  a  density  of  1.0.  The  result  which  would 
be  obtained  if  twice  this  amount  of  the  dyes  were  present  is  obtained 
by  multiplying  this  curve,  n,  by  2.  By  calculations  of  the  type  described 
in  Chapter  II  the  trichromatic  coefficients  and  luminous  density  of  this 
new  spectrophotometric  curve  are  found  to  be  0.307,  0.312,  and  1.986. 
The  trichromatic  coefficients  of  Illuminant  C  are  x  =  0.310,  y  =  0.316. 
The  deposit  is  no  longer  neutral,  and  does  not  have  a  luminous  density 
of  2.0.  The  amounts  of  the  three  dyes  can  be  varied  until  the  deposit 
is  neutral  and  has  a  density  of  2.0.  Such  calculations  can  be  made  for 
series  of  densities  and  yield  results  of  the  type  shown  in  Fig.  11-31,  in 
which  the  equivalent  neutral  densities  of  the  three  dyes  are  plotted 
against  their  concentrations,  with  the  concentrations  normalized  to  be 
equal  to  1.0  at  equivalent  neutral  densities  of  1.0. 

This  situation  introduces  errors  in  conversions  from  integral  readings. 
I' or  example,  in  establishing  conversion  equations  for  determining  equiv¬ 
alent  neutral  densities  from  integral-density  measurements,  linear  equa¬ 
tions  can  be  obtained  only  if  the  curves  shown  in  Fig.  11  •  31  are  straight 
lines.  The  best  straight  lines  representing  the  data  in  Fig.  11-31  are 
usually  drawn  for  determining  the  constants  in  the  conversion  equations 
This,  of  course,  introduces  slight  errors.  These  errors  would  be  as  great 
in  reading  a  neutral  as  in  reading  a  colored  area. 
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Equivalent-neutral-density  measurements  made  with  the  Color  Com¬ 
parison  Analytical  Densitometer  do  not  give  rise  to  errors  caused  by 
spectral  selectivity  of  the  neutral  formed  from  the  dyes. 

1  he  above  example  is  typical  of  a  dye  set  which  might  be  used  in  a 
color  photographic  process.  The  densitometry  errors  which  may  arise 
from  spectral  selectivity  of  the  neutral  formed  are  significant,  though 


Fig.  11-31  Equivalent  neutral  densities  of  the  dyes  illustrated  in  Fig.  11*14,  plotted 
as  functions  of  their  concentrations  (normalized  to  1.0  at  equivalent  neutral  densi¬ 
ties  of  1.0);  (a)  reference  line,  (b)  cyan  dye,  (c)  magenta  dye,  and  (d)  yellow  dye. 


they  are  not  large.  Other  sets  of  dyes  which  might  be  used  in  practical 

processes  may  give  greater  or  smaller  errors. 

Failure  of  any  of  the  instruments  to  properly  fulfill  its  functions, 
either  mechanically  or  electrically,  may  of  course  lead  to  significant 
errors.  These,  however,  need  not  be  considered  here. 

Errors  in  analytical  densitometry  which  may  result  from  conversions 
from  integral-density  readings  made  with  filters  having  too  broad  trans¬ 
mission  bands  have  been  discussed  earlier.  However,  electronic  equip¬ 
ment  which  is  now  available  allows  the  manufacture  of  densitometer 
with  sufficient  sensitivity  so  that  filters  with  narrow  transmission  bands 
can  be  used.  Reasonable  accuracy  on  equivalent-neutral-density  meas 
urements  can  be  obtained  by  any  of  the  methods  discussed . 
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reflection  analytical  densities 

Like  all  other  reflection-density  measurements,  reflection  analytica1 
densities  are  much  more  difficult  to  obtain  than  are  those  of  *e  tra 
mission  type.  External  surface  reflections  are  partly  responsible,  but  the 
chief  source  of  difficulty  is  in  the  multiple  reflections  between  the  di 
fusing  base  and  the  gelatin-air  interface  of  the  medium.  Largely  because 
of  these  interreflections,  integral  densities  as  read  even  by  monochro¬ 
matic  light  are  not  additive,  and  the  effective  densities  to  such  light, 
with  any  one  colorant,  are  functions  of  the  other  colorants  in  the  image. 
The  spectral  density  distributions  of  the  component  colorants  are  also 
functions  of  the  density  level  at  which  the  readings  are  taken.  Because 
of  these  marked  differences  between  reflection  readings  and  transmission 
readings  on  photographic  materials,  reflection  analytical  densities  are 
difficult  to  measure  bv  any  of  the  three  methods  which  have  been 
described. 

The  situation  can  be  greatly  improved  if  by  some  means  the  surface 


and  internal  reflections  are  eliminated  from  the  light  used  in  the  density 
measurements.  F.  C.  Williams  (private  communication)  has  suggested 
such  a  method,  which  is  illustrated  in  Fig.  11-32.  The  sample  is  sealed 
to  a  thick  cover  glass,  and  the  illuminated  area  of  the  sample  is  restricted 
to  a  circle  with  a  diameter  equal  to  about  one-half  the  thickness  of  this 
glass.  A  black  mask  is  placed  between  the  sample  and  the  cover  glass 
except  in  the  illuminated  area.  This  removes  from  the  beam  leaving 
the  sample  all  except  about  0.1  percent  of  the  light  which  has  been 
reflected  internally  at  the  gelatin  surface.  This  arrangement  can  be 
incorporated  into  the  Evans  Densitometer  or  into  any  other  type  of 
integral  or  analytical  instrument.  The  measurements  obtained  would 
have  little  correspondence  to  the  visual  appearance  of  the  sample  but 
would  sene  well  to  indicate  the  amounts  of  its  component  colorants. 


t  ic.  1 1  ->  Arrangement  in  reflection  analytical  densitometry  for  removing  from  the 
emergent  beam  the  light  internally  reflected  at  the  gelatin  surface  (F.  C.  Williams 
private  communication). 
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Color  Sensitometry 


CHAPTER  XII 


SENSITOMETRY  deals  with  the  determination  of  the  response  char¬ 
acteristics  of  photographic  materials  as  functions  of  the  conditions 
which  give  rise  to  these  responses.  The  amounts  of  response  are  usually 
measured  in  terms  of  one  of  the  various  types  of  photographic  density 
discussed  in  the  preceding  chapter.  The  variable  with  which  the  re¬ 
sponses  are  most  often  associated  is  the  exposure,  which  in  turn  depends 
upon  the  amount  and  nature  of  radiant  energy  incident  upon  the  photo¬ 
graphic  material.  As  the  effects  of  exposure  in  a  photographic  piocess 
become  manifest  only  as  a  result  of  development,  and  are  influenced 
to  a  marked  extent  by  the  specific  conditions  under  which  development 
takes  place,  development  and  the  various  factors  influencing  it  are  also 
considered  to  be  integral  parts  of  sensitometry. 

The  foundations  of  sensitometry  were  laid  by  Ilurter  and  Driffield 
(1890).  They  originated  the  method  of  plotting  the  density  obtained 
upon  development  against  the  logarithm  of  the  exposure.  '1  he  resulting 
curve,  the  II  &  D  curve,  still  bears  their  initials.  Although  sensitometnc 
methods  were  introduced  as  a  practical  aid  to  the  photographer  in 
improving  his  own  work,  they  have  not  been  widely  used  for  this 
purpose.  Manufacturers  of  photographic  materials,  however  have 
found  sensitometric  methods  necessary  in  controlling  the  quality  o 
their  products,  in  controlling  their  own  processing  of  these  products, 
and  in  the  development  of  new  photographic  materials  for  specific  uses. 
In  more  recent  years  there  has  been  a  wider  application  of  sensitometnc 
methods  by  those  concerned  only  with  the  picture-making  aspec  s  o 
photography.  This  has  been  true  particularly  in  the  motion-picture 

industry. 
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Results  of  sensitometric  operations  in  the  form  of  H  &  D  curves  or 
narameters  such  as  speed,  contrast,  and  latitude  winch  are  derrved  from 
theSe  curves  give  no  direct  information  concerning  the  appearances  of 
pictures  which  may  be  made  on  the  photographic  materials  Relation¬ 
ships  between  the  sensitometric  variables  and  picture  quality  can  be 
established,  however.  Once  this  is  clone,  information  with  regard  o 
specific  response  variations  among  given  types  of  photographic  materials 
is  more  readily  and  reliably  obtained  from  the  sensitometric  measure¬ 
ments  than  is  possible  by  direct  visual  comparisons  of  photographs  made 
on  these  same  materials.  It  must  be  emphasized,  however,  that  the 
picture  which  is  obtained  is  the  ultimate  criterion.  Sensitometric  meas¬ 
urements  cannot  entirely  displace  visual  observations  of  the  results 
which  are  obtained  on  photographic  materials  under  conditions  closely 
approximating  those  of  practice. 

As  given  by  Mees  (1942,  p.  594),  precise  photographic  sensitometry 
involves  five  standardized  conditions:  “{!)  a  light  source  emitting  radia¬ 


tion  of  known  intensity  and  spectral  composition;  (2)  a  means  of  pro¬ 
ducing  graded  exposures  of  known  relative  value;  (3)  standardized  devel¬ 
opment  conditions;  (4)  a  method  of  measuring  accurately  the  quanti¬ 
tative  value  of  the  developed  image;  and  (5)  a  method  of  interpreting 
the  results,  either  in  the  form  of  curves,  numerical  constants,  or  other 
suitable  methods  of  expression.”  These  same  conditions  apply  to  color 
photography,  provided  that  each  one  is  interpreted  in  terms  of  the 
variables  of  color  rather  than  of  black-and-white  photography. 


Sensitometric  Exposures 

In  exposing  film  for  the  purposes  of  sensitometric  measurements,  the 
amount  and  the  quality  of  the  exposure  must  be  accurately  controlled. 
This  is  accomplished  by  means  of  a  “sensitometer.”  A  sensitometcr 
consists  essentially  of  a  stable  light  source  and  of  a  device  for  controlling 
the  amounts  of  exposure  given  to  different  areas  of  the  film. 


LIGHT  SOURCES 

All  color  photographic  emulsions  are  designed  for  use  with  particular 
light  sources.  The  chief  types  are  those  for  daylight  and  those  for 
tungsten  light.  The  latter  are  usually  adjusted  for  exposure  with  illumi¬ 
nation  energy  distributions  corresponding  to  3,200°  K  or  3,450°  K. 

For  sensitometric  testing  of  color  photographic  materials  it  is  neces¬ 
sary  to  use  a  source  of  illumination  which  is  spectrally  equivalent  to 
that  for  which  the  material  is  designed.  Direct  daylight  cannot  be 
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used,  however,  because  it  is  not  always  available,  and  because,  when 
it  is  available,  it  does  not  sufficiently  approach  constancy  to  be  satis¬ 
factory  for  sensitometric  testing.  Artificial  daylight  must,  therefore, 
be  produced.  1  his  is  usually  done  by  using  a  tungsten  lamp  in  con¬ 
junction  with  a  filter. 

The  types  of  filters  which  make  possible  the  most  accurate  duplication 
of  the  spectral  distributions  of  various  kinds  of  light  sources  are  those 


Fic.  12-1  (a)  Approximate  spectral  energy'  distribution  of  tungsten  light  at  a  color 

temperature  of  2,660°  K;  (b)  transmittance  distribution  of  Davis  and  Gibson  filter 
used  in  color  photographic  sensitometry;  and  (c)  spectral  energy  distribution  of  arti¬ 
ficial  sunlight  obtained  by  (a)  and  ( b )  in  combination. 


designed  by  Davis  and  Gibson  (1928,  1931).  All  of  them  arc  liquid 
filters  and  are  used  in  conjunction  with  tungsten  light  of  various  color 
temperatures  to  produce  several  varieties  of  sunlight  and  daylight.  1  he 
spectral  transmittance  curve  of  a  filter  commonly  employed  is  illustrated 
in  Fig.  12-1,  curve  (b).  Curve  (a)  gives  the  approximate  spectral  energy 
distribution  of  light  from  a  2,660°  K  tungsten  lamp  and  curve  (c)  the 
distribution  of  this  light  after  having  passed  through  the  filter.  Cur 
(c)  is  a  fairly  good  approximation  of  the  Abbot-Priest  mean  noon  sun¬ 
light  (Davis  and  Gibson,  1931,  PP.  15  and  16).  If  the  same  filter  is 


used  with  a  tungsten  lamp  at  a  color  temperature  of  2,850  K,  the  t 
nutted  light  is  somewhat  bluer,  correspond,,, g  more  nearly  to  average 

davlieht  Its  color  temperature  is  approximately  b,lUU  K. 

Glass  filters  are  more  convenient  for  use  in  sensitometers  than  are 
liquid  filters,  even  though  the  precision  with  which  given  energy  distri¬ 
butions  can  be  matched  is  not  quite  so  high  The  density  distnbu  ron 
of  a  glass  filter  which  has  been  used  frequently,  Corning  5900,  is  g 
by  (b)  in  Fig.  12-2.  To  obtain  a  match  for  daylight,  this  filter  is  used 


Fig.  12-2  (d)  Approximate  spectral  energy  distribution  of  tungsten  light  at  a  color 
temperature  of  3,000°  K;  ( b )  transmittance  distribution  of  Corning  5900  (4.08  mm) 
glass  filter;  and  (c)  spectral  energy  distribution  of  artificial  daylight  obtained  by  (d) 
and  ( b )  in  combination. 


with  a  3,000°  K  tungsten  lamp.  The  approximate  distribution  of  this 
light  is  given  by  (a)  in  the  figure,  and  that  of  the  transmitted  light  by  (c). 

The  sources  for  sensitometric  measurements  on  films  designed  for 
artificial  light  are  often  tungsten  lamps  operated  at  the  proper  color 
temperatures.  Spectral  energy  distributions  for  two  such  sources  are 
given  in  Fig.  12-3.  To  obtain  these  high  temperatures  the  lamps  must 
be  operated  at  voltages  above  those  for  which  they  are  stable,  and, 
therefore,  they  cannot  be  maintained  under  steady  conditions  for  more 
than  relatively  short  periods  of  time.  Another  procedure  frequently 
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used  is  that  of  operating  at  a  lower  voltage,  with  the  use  of  a  filter  to 
raise  the  color  temperature  to  the  proper  value.  This  is  illustrated  in 
Fig.  12-4.  A  Coming  filter,  5900,  is  used  with  a  tungsten  lamp  which 
is  operated  at  a  color  temperature  of  2,790°  K.  The  spectral  distribu¬ 
tion  of  the  transmitted  light  closely  approximates  that  from  a  tungsten 


Fig.  12*3  Approximate  spectral  distributions  of  light  from  tungsten  lamps  operated 
at  (a)  3,000°  K  and  (b)  3,200°  K. 

lamp  at  a  color  temperature  of  3,430°  K.  The  intensities  with  this 
arrangement  are,  of  course,  somewhat  lower  than  may  be  obtained 
by  means  of  higher-voltage  lamps  without  the  filter.  However,  such 
a  system  is  usually  stable  over  a  much  longer  period  of  time. 

exposure  times  and  intensities 

Because  of  reciprocity-law  failure,  the  response  of  a  photographic 
material  when  exposed  to  light  sources  of  different  intensities  may  e 
different,  even  though  the  total  exposures  are  the  same.  If  correlation 
with  practice  is  to  be  expected,  the  sensitometnc  exposures  must  he 
made  for  approximately  the  same  time  and  for  essentially  the  same 


range  of  intensities  as  will  apply  in  pract.ce.  For  example  the  film 
in  a  .notion-picture  camera  usually  receives  exposure  of  about  /5„  sec. 
Sensitometric  exposures  on  such  a  film  should  be  made  to  a  light  source 
giving  the  proper  intensity  so  that  an  exposure  of  approximately  /so  sec 
gives  the  correct  level.  Films  for  use  with  a  high-mtensity,  short-time 
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Pig.  12-4  (a)  Approximate  spectral  energy  distribution  of  tungsten  light  at  a  color 
temperature  of  2,790°  K;  ( b )  transmittance  distribution  of  Corning  5900  (1.77  mm) 
filter;  and  (c)  spectral  energy  distribution  of  the  transmitted  radiant  energy  which 
corresponds  closely  to  tungsten  light  at  3,450°  K. 


light  source  such  as  the  Kodatron  Speed  Lamp  (Eastman  Kodak  Co., 
1950,  p.  7;  see  also  Edgcrton,  1946)  should  be  tested,  using  high  intensi¬ 
ties  and  short-exposure  times.  For  this  reason  the  light  sources  discussed 
in  the  previous  section  cannot  fill  all  the  needs  encountered  in  sensi¬ 
tometric  testing  and  are  frequently  augmented  by  additional  light 
sources  such  as  the  Kodatron  and  others. 


EXPOSURE  MODULATION 


\  anations  in  exposure  can  be  obtained  either  by  varying  the  time 
of  exposure  or  by  varying  the  intensity  of  exposure.  The  most  common 
method  of  varying  the  time  is  by  rotating  slowly  in  front  of  the  film 
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a  shutter  disk  which  has,  at  successively  greater  radii,  increasing  angular 
openings.  Falling  shutters  with  slots  of  various  lengths  are  also  used. 

Exposure  intensities  are  usually  modulated  by  means  of  density 
wedges.  The  wedges  may  increase  continuously  in  density  from  one 
end  to  the  other,  but  they  usually  increase  in  steps.  Such  wedges 
are  commonly  called  step  tablets.  The  inverse-square-law  principle  was 
often  employed  in  early  sensitometers,  but  it  is  seldom  made  use  of 
in  modern  instruments. 

l  ime  modulation  and  intensity  modulation  have  been  used  in  sensi¬ 
tometers  for  many  years,  and  both  types  are  still  extensively  employed. 
Time  modulation  offers  a  marked  advantage  from  the  standpoint  of 
design  in  that  the  movements  of  shutters  can  be  controlled  and  meas¬ 
ured  with  much  greater  precision  than  can  the  transmittances  of  density 
wedges.  Time  modulation  is  frequently  employed  in  the  sensitometry 
of  black-and-white  photography. 

In  normal  camera  exposures,  however,  the  variation  in  exposure  from 
one  region  of  the  photograph  to  another  is  one  of  intensity,  not  of  time. 
Because  of  reciprocity-law  failure,  which  is  common  to  a  greater  or  lesser 
degree  to  all  photographic  materials,  the  densities  obtained  through  a 
time  series  of  exposures  are  not  the  same  as  those  obtained  through  an 
intensity  series.  In  relating  the  exposures  to  the  conditions  which 
apply  in  practice,  therefore,  intensity  variation  is  more  desirable  than 
time  variation.  Intensity  modulation  has  been  accepted  as  standard 
by  the  American  Standards  Association  (1947). 

In  color  photography  the  use  of  intensity  variation  is  particularly 
important.  In  this  case  three  emulsions  rather  than  a  single  one  are 
involved,  and,  in  general,  reciprocity-law  failure  affects  each  of  the 
three  emulsions  differently.  In  going  from  a  time  series  of  exposures 
to  an  intensity  series  there  may  be  relative  displacements  of  the  H  &  D 
curves  with  respect  to  each  other  and  changes  in  curve  shapes,  giving 
entirely  different  indications  of  the  color  balance  of  the  film.  For  this 
reason,  the  exposures  made  for  sensitometric  testing  of  color  photo¬ 
graphic  materials  are  made  almost  exclusively  by  intensity  variation  at 

constant  exposure  times. 

Step  tablets  arc  usually  made  cither  photographically  or  from  carbon- 
particle  dispersions  in  gelatin.  One  method  of  making  the  photo- 
graphic  step  tablets  is  as  follows:  By  means  of  a  falling-plate  sensitom- 
etcr  (see  Mees,  1942,  p.  610),  a  series  of  step  exposures  increasing  line¬ 
arly  in  log  exposure  units,  is  given  to  a  sheet  of  fi  m.  ic  m  is 
processed,  and  density  readings  are  taken  at  each  step.  hesc  rearing 
are  incorporated  into  a  standard  II  &  D  plot,  and  from  the  plot  a  new 
series  of  exposure  times  is  determined  which  will  result  in  exac  y  equa 
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intervals  of  density  of  the  processed  film.  These  new  exposure  values 
are^then  set  into  She  timing  device  of  the  sensitonreter  and  a  second 
sheet  of  film  is  exposed.  After  processing,  the  new  sheet  is 
checked  by  means  of  densitometer  readings  and  if  foun 
satisfactory,  is  cut  into  strips  to  sene  as  step  tablets.  A 
step  tablet  produced  by  this  method  is  illustrated  in  1  ig- 

The  step-tablet  film  must  have  a  wide  range  of  densities, 
extending  possibly  as  high  as  4.0,  and  should  have  a  long 
straight-line  characteristic  curve.  The  film  and  its  de¬ 
veloper  solution  must  be  selected  to  gave  a  final  silver  de¬ 
posit  which  is  as  nonselective  as  possible  in  its  spectral 
absorption  characteristics. 

As  the  tolerance  limits  on  the  steps  of  the  intensity  con¬ 
trol  device  are  very  narrow,  the  step  tablets  must  be  made 
with  the  greatest  possible  care.  Except  for  the  slight 
changes  in  exposure,  all  conditions  affecting  density  values 
must  be  kept  the  same  from  the  handling  of  the  first  piece 
of  film  to  the  second,  and  both  sheets  must  be  taken  from 
the  same  emulsion  batch.  Despite  all  such  precautions,  it 
is  usually  necessary  to  recalibrate  the  exposures  daily  be¬ 
cause  of  variations  in  the  developer  solution  and  possible 
characteristics  of  the  film  on  keeping.  Tolerance  limits  for 
this  type  of  work  are  frequently  as  close  as  ±0.3  percent  of 
the  density  reading  at  any  step  in  a  21 -step  density  wedge, 
or  sometimes  ±0.01  in  density. 

Dispersed-carbon  step  tablets  are  usually  made  by  mold¬ 
ing  gelatin  containing  a  carbon-particle  dispersion.  The 
mold  must  be  machined  with  exceedingly  high  precision 
but,  once  made,  can  be  used  for  making  large  numbers  of 
step  tablets.  With  the  mold  available,  the  chief  difficulties 
are  in  obtaining  a  carbon  dispersion  in  gelatin  which  is 
sufficiently  uniform  and  which  has  the  correct  absorption 
per  unit  thickness. 

The  photographically  made  step  tablets  have  the  advan¬ 
tage  of  greater  flexibility  in  the  variety  of  types  of  tablets 
which  can  be  produced.  For  standard  types  for  which  the 
demand  is  sufficient  to  justify  the  expense  of  making  a  mold, 
the  dispersion-type  tablet  has  the  advantages  that  reproduci- 

Fic"  12-5  Sample  photographic  step  tablet  used  for  neutral  expo¬ 
sures  in  sensitometry. 
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bility  can  be  obtained  with  greater  ease  and  the  expense  attached  to 
the  casting  of  the  individual  tablets  is  relatively  low. 


SENSITO  METERS 


A  sensitometer  consists  essentially  of  a  light  source  and  a  means  of 
modulating  the  exposure  of  the  photographic  material.  These  elements 
are  usually  enclosed  in  a  light-tight  container. 

Jones  has  classified  sensitometers  according  to  the  method  of  pro¬ 
viding  the  exposure  and  controlling  its  amount.  The  various  types  are 
as  follows  (Mees,  1942,  p.  608). 


Type  I.  Intensity-scale  sensitometers,  I  variable,  t  constant. 

A.  Exposure  intermittent. 

1.  Wedged  exposure. 

2.  Stepped  exposure. 

B.  Exposure  nonintermittent. 

1.  Wedged  exposure. 

2.  Stepped  exposure. 

Type  II.  Time-scale  sensitometers,  I  constant,  t  variable. 

A.  Exposure  intermittent. 

1.  Wedged  exposure. 

2.  Stepped  exposure. 

B.  Exposure  nonintermittent. 

1.  Wedged  exposure. 

2.  Stepped  exposure. 


With  the  Jones  system  of  nomenclature,  sensitometers  may  be  desig¬ 
nated  in  very  brief  form  in  accordance  with  their  types.  For  example, 
Type  I-B  is  an  intensity  scale  sensitometer  with  nonintermittent  ex¬ 
posure.  Type  II-A2  is  a  time-scale  instrument  with  an  intermittent  and 

stepped  exposure. 

Sensitometers  of  almost  all  these  various  possible  types  have  been 
built,  and  many  of  them  have  been  applied  to  color  work.  In  black- 
and-white  photography  the  type  which  was  formerly  most  widely  use 
was  the  Type  II-B2.  In  color  photography,  for  reasons  already  discussed, 
the  Type  I-B  is  much  more  frequently  used.  A  Type  I-B2  sensitometer 

is  illustrated  in  Fig.  12-6. 


neutral-scale  exposures 

When  a  photographic  material  is  exposed  to  light  having  a  spectral 
distribution  corresponding  to  the  illumination  for  which  the  at 
is  designed  it  is  said  to  be  given  a  neutral  exposure.  One  of  the  con 
ditions8  which  must  he  fulfilled,  or  at  least  closely  approximated,  in  any 
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Fig.  12-6  Type  I-B2  sensitometer. 
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Fig.  12-7  Photographic  step 
tablet  for  both  neutral  and  color 
exposures  in  sensitometry. 


color  photographic  process  is  that  a  scale 
of  neutral  exposures  shall  result  in  a  series 
of  dye  neutrals.  The  manner  in  which 
the  scale  of  neutrals  is  reproduced  relates 
to  the  tone-reproduction  characteristics 
of  a  color  process  and,  on  the  basis  of 
accumulated  experience  with  practical  sys¬ 
tems  of  color  photography,  is  of  great 
importance,  almost  independently  of  the 
color  reproduction  characteristics. 

For  this  reason,  the  sensitometric  ex¬ 
posures  which  are  most  commonly  used 
are  neutral  exposures.  It  is  quite  impor¬ 
tant  that  the  exposure-modulating  device, 
the  step  tablet,  be  nonselective  and  that 
the  quality  of  the  illumination  in  the  sen- 
sitometer  be  spectrally  equivalent  to  that 
which  wall  be  used  in  practice.  Most 
camera  lenses  are  selective  in  their  trans- 
mittances.  This  fact  must  be  taken  into 
account  in  specifying  the  spectral  quality 
of  the  light  reaching  the  film  in  the  sensi- 
tometer  if  this  light  is  to  be  most  nearly 
equivalent  to  the  light  reaching  the  film 
in  the  camera.  Such  exact  matching  of 
sensitometers  with  the  conditions  of 
practice  is  frequently  attempted  in  sensi¬ 
tometric  testing. 

non-neutrai,  exposures 

In  studying  color  films,  it  is  also  impor¬ 
tant  to  investigate  the  response  to  expo¬ 
sures  other  than  those  of  the  neutral  ex¬ 
posures.  A  number  of  purposes  may  be 
served  by  such  exposures.  For  example, 
it  may  be  important  to  determine  how  a 
particular  film  will  reproduce  a  given 
colored  object.  Such  studies  are  fre¬ 
quently  made  by  exposing  the  color  film 
on  a  sensitometer  to  a  selectively  absorb¬ 
ing  filter  which  has  spectral  absorption 

464 


characteristics  similar  to  the  colored  object  under  investigation.  In 
many  cases  exposures  are  made  directly  from  the  object  itself,  alt  long  1 
these  exposures  are  harder  to  control  accurately  than  are  those  made 

on  a  sensitometer.  . 

A  more  general  use  of  non-neutral  exposures  is  in  the  investigation 

of  specific  components  of  the  color  film.  Exposures  are  made  through 
filters  having  narrow  transmission  bands,  selected  so  that  only  one 
layer  or  colorant  component  will  be  affected. 

For  purposes  of  process  control,  it  is  usually  desirable  to  include  col¬ 
ored  exposures  along  with  neutral  exposures  on  the  test  strips.  Densi- 
tometric  or  direct  visual  analysis  of  the  results  sometimes  reveals  unde¬ 
sirable  interactions  among  the  components  of  the  film  or  process  which 
are  not  detectable  in  the  neutral  scale.  A  type  of  “color  chart  fre¬ 
quently  used  in  sensitometry  for  color  photography  includes  colored 
areas,  as  illustrated  in  Fig.  12*7.  It  consists  of  a  single  neutral-exposure 
scale  extending  its  full  length  and  shorter  colored-exposure  scales  along 
the  side. 

It  is  frequently  desirable  to  relate  the  exposure  responses  of  individual 
layers  of  a  film  to  those  obtained  when  a  neutral  scale  of  exposures  is 
applied.  If  standard  illuminants  are  employed,  it  is  difficult  to  deter¬ 
mine  when  the  exposures  of  the  two  types  are  equivalent  because  the 
spectral  response  characteristics  of  the  individual  layers  are  seldom 
known  with  sufficient  accuracy.  Comparisons  can  be  made,  however, 
through  the  use  of  red,  green,  and  blue  filters,  each  transmitting  in  a 
wavelength  region  which  is  sufficiently  narrow  to  expose  but  a  single 
layer.  The  relative  intensities  of  the  light  through  the  three  filters  are 
adjusted  so  that  in  combination  they  give  a  neutral  exposure.  The 
same  three  intensities  can  then  be  applied  separately,  thus  making 
direct  comparisons  of  the  responses  possible.  By  making  such  exposures 
through  step  tablets,  a  variety  of  combinations  becomes  available,  and 
the  interactions  which  take  place  among  the  various  layers  may  be 
studied. 


Sensitometric  Processing 

To  obtain  accurate  information  with  regard  to  the  response  of  pho¬ 
tographic  emulsions,  it  is  important  that  both  the  exposures  and  the 
processing  be  fully  controlled.  This  leads  to  the  necessity  for  “sensi¬ 
tometric  processing.”  Such  processing  is  required  particularly  by  the 
film  manufacturer  in  controlling  his  product  and  in  studying  the  char¬ 
acteristics  of  new  or  modified  products. 

465 


Two  major  requirements  apply  to  the  sensitometric  processing  of 
photographic  materials:  (1)  the  processing  conditions  should  conform 
as  closely  as  possible  to  those  used  in  practice  for  the  same  materials 
and  (2)  these  conditions  should  be  controllable  and  repeatable  within 
narrow  tolerance  limits  over  long  periods  of  time.  In  color  photog¬ 
raphy,  variations  in  processing  introduce  changes  of  developed-image 
appearance  which  are  more  likely  to  be  attributed  to  variations  in  the 
product  manufactured  than  is  the  case  with  black-and-white  products 
and  processing.  These  processing  variations  are  much  harder  to  elimi¬ 
nate  in  the  testing  of  color  materials  than  they  are  in  those  giving  only 
silver  images.  Even  where  processing  variations  are  known  to  exist, 
application  of  quantitative  corrections  for  them  in  the  interpretation 
of  a  testing  result  is  difficult  and  hazardous. 

In  dealing  with  materials  ordinarily  processed  in  batches,  the  sensi- 
tometric-processing  requirements  must  be  met  by  the  proper  selection 
of  the  chemicals  making  up  the  various  solutions,  and  by  the  rigorous 
adherence  to  a  standardized  procedure  of  handling.  The  chemicals 
selected  must  be  of  the  highest  possible  purity.  Even  then,  traces  of 
impurities  may  be  sufficient  to  affect  the  result.  In  such  cases  the 
chemicals  are  obtained  in  large  quantities  at  one  time  from  a  single 
source  with  the  hope  that  variations  in  the  amounts  of  the  impurities 
will  be  at  a  minimum.  In  some  instances  especially  selected  chemicals 
are  stored  and  used  at  infrequent  intervals  as  a  check  on  the  chemicals 
ordinarily  used  which  must  be  more  often  replaced.  Only  a  small 
number  of  test  strips  are  processed  in  a  single  set  of  solutions  in  order 
to  minimize  processing  variations  due  to  the  accumulation  of  reaction 

products. 

The  factors  of  greatest  importance  in  carrying  through  the  processing 
once  the  solutions  are  prepared  are  temperature  control,  degree  of  agi¬ 
tation,  processing  time  within  each  solution,  and  elapsed  time  between 
withdrawal  from  one  solution  and  immersion  in  the  next.  A  machine 
for  sensitometric  processing  has  been  described  by  Jones,  Russell,  and 
Beacham  (1937).  . 

The  problem  of  establishing  a  sensitometric-processing  arrangement 
to  duplicate  the  results  of  a  continuous  machine  is  exceedingly  difficult. 
The  basic  complicating  factors  are,  first,  that,  in  order  to  attain  greater 
repeatability  over  longer  periods  of  time,  a  batch  method  must  be  sub¬ 
stituted  for  the  continuous-processing  method,  and  second,  that  fres 
mixes  of  chemicals  must  be  substituted  for  the  equilibrium  or  sea¬ 
soned”  solutions  actually  found  in  the  processing  machine  and  third, 
that  the  exact  agitation  conditions  which  occur  in  a  procuc  ion 
chine  cannot  be  matched  in  a  sensitometric  machine. 
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In  establishing  such  a  process  it  is  usually  assumed  that  each  step 
of  the  sensitometric  process  should  match  each  step  of  t  ic  pioc  ut  ■<" 
process.  Also,  the  processing  times  and  temperatures  of  the  two 
should  be  the  same,  and  the  chemical  composition  of  each  of  the  so  u 
tions  should  be  the  same.  After  these  conditions  have  been  obtained, 
the  agitation  conditions  in  the  sensitometric  process  remain  as  the 
major  variable  to  be  controlled  in  matching  the  production  process 
Equivalent  agitation  conditions  frequently  cannot  be  obtained,  and 
slight  chemical  modifications  are  introduced  to  correct  for  the  difference. 


CHECK  EMULSIONS 

Care  in  selecting  and  mixing  chemicals  and  in  controlling  processing 
conditions  must  be  exercised  if  a  sensitometric  process  is  to  be  like  other 
sensitometric  or  production  processes  which  it  is  supposed  to  match. 
The  real  test  of  the  process,  however,  is  its  action  on  film.  In  compar¬ 
ing  any  two  or  more  processes  by  means  of  film  samples,  differences 
among  the  sets  of  samples  which  have  arisen  in  manufacturing  or  in  the 
handling  of  the  samples  prior  to  their  processing  will  be  superimposed 
upon  differences  resulting  from  processing.  To  provide  controls  on 
the  processes,  it  is  therefore  necessary  to  employ  films  from  special 
check  emulsions  so  that  variability  assignable  to  sources  other  than  proc¬ 
essing  can  be  minimized. 

A  check  emulsion  consists  of  a  fairly  large  batch  of  film  taken  from 
a  single  run  of  an  emulsion  coating.  The  most  desired  characteristic 
of  a  check  emulsion  is  complete  uniformity,  although,  in  selecting  it, 
other  factors,  such  as  the  degree  to  which  its  photographic  character¬ 
istics  conform  to  those  thought  most  desirable  for  the  product,  are  also 
taken  into  account.  A  change  from  one  check  emulsion  to  another, 
for  a  given  product,  usually  involves  a  laborious  re-evaluation  of  nu¬ 
merous  emulsion  characteristics  and  the  setting  of  new,  slightly  differ¬ 
ing  standards  for  the  product.  For  this  reason,  it  is  desirable  that  a 
single  check  emulsion  remain  in  use  for  as  long  a  period  of  time  as  pos¬ 
sible.  The  supply  of  the  check  emulsion  must,  therefore,  be  stored  in 
such  a  way  that  the  emulsion  characteristics  change  as  little  as  possible. 
I  he  best  storage  conditions  have  been  found  to  be  those  of  low  tempera¬ 
ture  and  low  humidity,  although  no  storage  conditions  are  known 
which  will  ensure  complete  emulsion  stability. 

Variations  from  area  to  area  of  a  single  emulsion  coating  are  normally 
considerably  smaller  than  the  variations  found  among  different  coat¬ 
ings.  Even  so  no  coating  of  film  is  completely  uniform.  Apparent  dif¬ 
ferences  in  results  which  might  arise  from  area-to-area  variations  of  the 
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film  can  be  kept  small  by  processing,  for  each  test,  several  patches  of 
film  selected  from  different  regions  of  the  check  emulsion  coating,  and 
averaging  the  data  taken  from  all  those  patches. 

One  of  the  most  fundamental  difficulties  in  the  use  of  check  emul¬ 
sions  arises  from  the  fact  that  different  film  emulsions  may  react  dif¬ 
ferently  to  slight  changes  in  processing.  For  example,  it  is  possible 
for  a  given  sensitometric  process  to  be  off-standard  in  more  than  one 
respect,  and  in  such  ways  that  for  the  check  emulsion  the  departures 
largely  cancel  each  other,  kor  batches  of  film  from  other  emulsions, 
effects  which  are  quite  different  may  be  obtained.  Such  possibilities 
serve  to  emphasize  the  importance  of  direct  processing  controls  on 
chemical  constituents,  temperature,  agitation,  and  the  like.  If  two 
processes  are  as  much  alike  as  they  can  be  made  in  these  respects,  any 
remaining  slight  adjustments  necessary  to  yield  similar  photographic 
results  in  the  check  emulsion  are  not  likely  to  cause  discrepancies  in  the 
data  obtained  from  other  emulsions. 

Exposure-Density  Relationships 

The  response  of  the  photographic  material  as  obtained  from  sensito¬ 
metric  testing  is  generally  expressed  in  the  form  of  an  H  &  D  curve,  a 
curve  relating  the  density  to  the  logarithm  of  the  exposure. 

II  &  D  CURVES  FOR  NEUTRAL  SCALES  OF  EXPOSURE 

Sensitometric  results  in  black-and-white  photography  may  be  ex¬ 
pressed  in  terms  of  a  single  characteristic  curve.  For  color  materials, 
however,  at  least  three  curves  are  required.  The  ordinates  for  these 
curves  may  be  expressed  in  terms  of  analytical  densities,  thus  being  re¬ 
lated  directly  to  the  amounts  of  the  three  dyes  in  the  image;  or  they 
may  be  expressed  in  terms  of  the  integral  densities  which  the  combined 
dye  deposits  have  when  used  in  a  printing  or  some  other  system.  Print¬ 
ing  systems  have  three  receptors,  requiring  a  curve  for  each  receptor. 

In  the  case  of  a  reversal  color  film  which  gives  positive  transparencies 
for  direct  viewing,  the  characteristic  curves  are  frequently  expressed  in 
terms  of  equivalent  neutral  density.  The  characteristic  curves  for  a 
typical  reversal  color  photographic  material  are  shown  in  fig.  12-8. 
Ordinate  values  for  the  three  curves  give  the  equivalent  neutral  densi¬ 
ties  of  the  cyan,  magenta,  and  yellow  dyes,  as  indicated  in  the  figure. 
The  units  of  the  abscissa  are  proportional  to  the  logarithm  of  the  ex¬ 
posure,  or  log  E.  In  order  for  these  curves  to  be  significant,  the  auxili¬ 
ary  information  given  with  the  figure  must  be  included.  The  exposure 

468 


time  is  important  because  of  possible  effects  of  reciprocity-law  failure 
The  illuminant  with  respect  to  which  the  equivalent  neutral  density 
of  this  dye  set  is  established  must  be  specified.  A  given  combination  o 
the  dyes  may  have  different  values  of  equivalent  neutral  density  for 
another  illuminant.  The  spectral  energy  distribution  of  the  source  of 


the  light  for  the  exposure  must  also  be  known.  Another  spectral  energy 
distribution  would  have  given  different  relationships  among  the  three 
curves. 

The  characteristic  curves  of  negative  color  films  are  frequently  ex¬ 
pressed  in  terms  of  printing  density.  Such  curves  for  a  typical  color¬ 
negative  material  are  shown  in  Fig.  12-9.  The  abscissa  unit  is  again 
log  E.  The  ordinate  is  in  units  of  printing  density.  Any  printing 
density,  of  course,  implies  a  specific  material  on  which  the  negative 
is  to  be  printed.  In  this  example,  the  negative  material  represents  a 
Kodacolor  negative,  and  the  printing  densities  are  measured  with  re¬ 
spect  to  the  receptor  distributions  of  a  Kodacolor  paper  which  has  a 
red-,  a  green-,  and  a  blue-sensitive  layer.  The  three  curves,  labeled 
R,  G,  and  B,  are  the  red-density,  green-density,  and  blue-density  curves, 
respectively.  1  hese  curves  do  not  represent  the  characteristics  of  the 
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cyan,  magenta,  and  yellow  dye  images  of  the  negative  but  rather  the 
integrated  effect  of  these  with  respect  to  the  three  receptor-sensitivity 
distributions  of  the  Kodacolor  paper  and  printing  system.  The  auxili¬ 
ary  information  in  the  figure  must  be  included  for  the  meaning  of  these 


Fig.  12-9  II  &  D  curves  for  a  negative  in  a  negative-positive  color  photographic 
process. 

curves  to  be  adequately  specific.  The  exposure  time,  the  spectral  qual¬ 
ity  of  the  exposure  illumination,  and  the  material  which  defines  the 
three  printing  densities  must  all  be  specified. 

PARAMETERS  DERIVED  FROM  H  &  D  CURVES 
FOR  NEUTRAL  SCALES  OF  EXPOSURE 

In  black-and-white  sensitometry  a  number  of  parameters  are  derived 
from  the  H  &  D  curve.  Speed,  contrast,  and  latitude  are  the  most  im¬ 
portant  of  these.  In  color  sensitometry  these  same  parameters  may  be 
derived  from  the  H  &  D  curves,  except  that  in  this  case  there  would  be 
a  set  for  each  of  the  curves.  Alternatively,  one  of  the  curves  may  be 
selected  as  the  standard,  and  the  characteristics  of  the  other  curves  may 
be  expressed  in  terms  of  deviations  from  this  one. 


SPEED 


One  of  the  more  important  single  numbers  describing  the  charac¬ 
teristics  of  a  photographic  material  is  that  of  speed.  At  the  same  time, 
probably  no  single  characteristic  has  been  defined  in  a  greater  variety 
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of  ways.  The  earliest  definition  to  gain  wide  acceptance  was  that  of 
"H  &  D  speed.”  This  was  defined  by  Murter  and  Driffield  as  the  recipro¬ 
cal  of  the  inertia  multiplied  by  34  (Mees,  1942,  p.  590)  The  inertia 
was  defined  as  the  log  E  value  at  which  the  extension  of  the  straight- 
line  portion  of  the  characteristic  curve  intersected  the  exposure  axis. 
Other  definitions,  based  upon  threshold  sensitivity  and  the  exposure 


Log  exposure 

Fig.  12-10  Portion  of  the  H  &  D  curve  for  a  negative  film  illustrating  the  American 
Standards  Association  (1947,  p.  9)  method  of  measuring  photographic  speed. 


necessary  to  attain  a  given  density  above  fog,  have  also  been  used  (Mees, 
1942,  pp.  591-594). 

The  modern  definition  of  photographic  speed  for  black-and-white 
negative  materials  which  has  been  accepted  by  the  American  Standards 
Association  is  based  upon  suggestions  made  by  Jones  (1939)  and  by 
Jones  and  Nelson  (1942).  In  the  report  by  the  American  Standards 
Association  (1947,  p.  9),  it  is  stated:  “The  photographic  speed  of  the 
negative  materials  •  •  •  is  to  be  considered  as  inversely  proportional  to 
the  minimum  exposure  which  must  be  incident  upon  the  negative 
material,  from  the  scene  element  of  minimum  brightness  in  which 
detail  is  visible,  in  order  that  a  print  of  excellent  quality  can  be  made 
from  the  resultant  negative.”  As  a  practical  working  definition  cor¬ 
responding  to  this  more  general  description,  speed  is  defined  as  (ibid., 
p.  10).  Speed  =  1/E,  where  E  is  the  exposure  (expressed  in  meter- 
candle-seconds)  corresponding  to  the  point  on  the  density-log10  ex- 
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posure  curve  at  which  the  gradient  is  0.3  times  the  average  gradient 
for  a  logiy  exposure  range  of  1.50  of  which  E  is  the  minimum  exposure.” 
The  application  of  this  method  is  illustrated  in  Fig.  12-10. 

A  closely  related  definition  and  method  of  determining  speed  can 
also  be  applied  to  color  negative  films.  In  the  case  of  reversal  films 
which  yield  pictures  for  direct  viewing,  however,  the  photograph  must 
be  judged  on  the  basis  of  its  own  appearance  rather  than  on  the  ap¬ 
pearance  of  prints  which  can  be  made  from  it.  Curves  for  such  a 
material  were  shown  in  Fig.  12-8.  In  the  region  between  the  straight- 
line  portion  and  the  shoulder  region  of  the  H  &  D  curve,  the  film  repro¬ 
duces  detail  with  adequate  gradient.  However,  a  picture  photographed 
so  that  its  minimum  brightness  is  in  this  region  would  very  likely  be 
much  too  dark  to  be  viewed  satisfactorily  with  ordinary  illumination. 
The  toe  or  lower  region  of  the  II  &  D  curve  is  usually  more  important 
in  establishing  the  speed.  At  the  present  time  there  is  no  generally 
accepted  method  of  specifying  the  speed  of  reversal  films.  The  speed 
of  such  films  is  frequently  defined  arbitrarily  as  some  function  of  the 
logarithm  of  the  exposure  required  to  produce  a  given  density,  as,  for 
example,  a  density  of  1.00.  The  term  exposure  rating  is  sometimes 
applied  in  this  case. 

CONTRAST 

The  term  contrast  is  frequently  applied  to  some  function  of  the  slope 
of  the  H  &  D  curve  at  some  point  or  the  slope  of  the  straight  line 
connecting  two  specified  points  on  this  curve.  The  slope  of  the  straight- 
line  portion  of  the  H  &  D  curve  is  usually  called  gamma.  In  the  case 
of  negative  films,  contrast  or  average  gradient  is  sometimes  defined  as 
the  slope  of  the  straight  line  connecting  the  speed  point  with  a  point 
on  the  H  &  D  curve  at  an  exposure  having  a  log  E  value  of  1.50  greater 
than  the  speed  point.  In  reversal  materials  where  there  is  no  generally 
accepted  speed  point,  contrast  would  be  the  slope  of  the  line  connecting 
two  empirically  determined  or  arbitrarily  selected  points  on  the  H  &  D 
curve.  If  the  speed  point  is  taken  as  that  exposure  giving  a  density  of 
1  00  then  contrast  might  be  taken  as  the  slope  of  the  line  connecting 
points  on  the  curve  having  log  exposures  0.3  greater  and  1.2  less  than 

the  speed  point. 

LATITUDE 

Latitude  expresses  the  ability  of  a  photographic  film  to  record  in  a 
single  exposure  satisfactory  detail  in  both  light  and  dark  subjects  or 
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areas  In  the  past  it  has  sometimes  been  measured  by  deteI™in"’g 
projection  on  the  log  E  axis  of  the  straight-line  portion  of  the  H  & 
curie  The  work  of  Jones  (1939)  and  Jones  and  Nelson  (1940 1  in 
establishing  a  speed  criterion  has  shown,  however,  that  highly  sat 
factory  pictures  can  be  made  when  some  of  the  exposure  is  not  on 


Speed  Gradient  or 

(Exp.  Rating)  Contrast 
Cyan  100  1.60 

Magenta  104  1.60 

Yellow  115  1.70 


Density 

Balance 

-0.05 

-0.20 


Fig.  12-11  H  &  D  curves  for  a  reversal  process  with  parameters  derived  from  them. 


the  straight-line  portion  of  the  H  &  D  curve.  The  useful  exposure  scale 
is  limited  by  curve  gradients  somewhat  less  than  those  of  the  straight- 
line  portion.  No  universally  applicable  specification  exists  for  measure¬ 
ment  of  latitude.  Approximate  specifications  can  be  derived  for  specific 
materials  in  specific  applications,  but  in  each  individual  case  considera¬ 
tion  must  be  given  to  the  immediate  requirements  of  tone  and  color 
rendition  by  the  entire  photographic  system,  including,  in  cases  other 
than  direct  reversal  films,  the  limitations  of  the  printing  process.  The 
factors  limiting  the  latitude  of  an  aerial  mapping  film  are  radically 
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different  from  those  governing  the  latitude  of  a  color  film  used  in 
photographing  a  tinted  map.  In  aerial  mapping  a  wide  range  of  high 
tonal  gradient  is  important;  in  the  latter  case,  fidelity  of  hue  reproduc¬ 
tion  is  paramount. 

Other  H  &  D  curve  parameters  which  are  frequently  made  use  of 
in  color  photography  are  fog  density  in  the  case  of  negative  materials 


Fig.  12-12  II  &  D  curves  for  a  reversal  film  giving  cyan,  magenta,  and  yellow 
equivalent  neutral  densities  as  functions  of  the  logarithm  of  a  red  light  exposure. 
Broken-line  curve  is  that  for  the  cyan  dye  in  a  neutral  series. 


and  maximum  and  minimum  densities  in  the  case  of  reversal  materials. 
Density  balances,  defined  as  the  density  differences  between  pairs  of 
the  three  colorant  components  of  the  image  at  selected  exposure  levels, 

are  employed  with  both  types  of  materials. 

In  Fig.  12-11  is  given  a  typical  set  of  H  &  D  curves  of  a  reversal 
color  film.  The  associated  table  gives  the  values  of  various  parameters 

derived  from  these  curves. 
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NON-NEUTRAL  SCALE  H  &  D  CURVES 

When  a  color  film  is  exposed  through  a  step  tablet  to  colored  light 
the  resuHs  may  be  expressed  in  the  form  of  II  &  D  curves.  Depending 
upon  the  type  of  work  which  is  being  done,  the  density  units  may  be 
analytical  or  integral,  although  in  most  cases  analytical-density  measure- 

Colored-light  exposures  are  frequently  obtained  by  means  of  three 
narrow-band  transmitting  filters.  In  dealing  with  multilayer  films  the 
transmitting  region  of  each  filter  is  selected  to  expose  only  one  of  the 
three  layers.  A  typical  set  of  H  &  D  curves  resulting  from  such 
exposures  to  red  light  is  illustrated  in  Fig.  12-12.  The  ordinates  are 
in  units  of  equivalent  neutral  density,  and  the  abscissa  in  units  of  log  R, 
or  logarithm  of  exposure  in  which  the  exposure  is  measured  in  terms 
of  the  red  light.  The  three  curves  correspond  to  the  cyan  dye,  the 
magenta  dye,  and  the  yellow  dye,  as  indicated.  As  the  exposure  does 
not  affect  the  blue-  and  green-sensitive  layers,  the  densities  of  the 
magenta  and  yellow  dye  components  might  be  expected  to  be  constant 
throughout  the  whole  red-exposure  scale.  Departures  from  this  condi¬ 
tion  are  shown  in  the  figure.  These  departures  will  be  discussed  more 
fully  in  later  sections  (see  p.  483). 


Uses  of  Sensitometric  Results 

The  results  of  sensitometric  tests  are  used  widely  in  product  testing 
and  control,  in  processing  control,  and  in  process  investigation.  In  the 
first  two  of  these  it  is  usually  the  procedure  to  establish  “standards,” 
and  to  investigate  deviations  from  these  standards  in  the  products  man¬ 
ufactured  or  processed.  The  sensitometric  data  which  are  collected 
must  give  information  with  regard  to  deviations  from  the  standards, 
and  they  should  be  expressed  in  the  form  which  will  give  the  most 
information  possible  with  regard  to  the  cause  of  the  deviations  from 
the  standards. 


PRODUCT  TESTING  AND  CONTROL 

The  first  step  in  setting  up  a  program  of  product  testing  and  control 
is  to  establish  the  standard  H  &  D  curves  of  the  material  being  manu¬ 
factured  and  the  standard  derived  parameters  such  as  speed,  latitude, 

and  the  like.  Next,  the  permissible  tolerances  of  these  parameters  must 
be  established. 
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A  hypothetical  reversal  film  may  be  taken  as  an  example.  Let  ns 
assume  that  the  II  &  D  curves  and  the  derived  parameters  shown  in 
Fig.  12-11  are  taken  as  the  standard.  As  indicated  in  this  figure,  the 
densities  are  expressed  in  terms  of  equivalent  neutral  density.  Suppose, 
now,  that  a  new  emulsion  being  tested  has  the  H  &  D  curves  shown 
in  Fig.  12-13.  A  comparison  of  the  two  figures  indicates  that  the  cyan- 


Fig.  12-13  Assumed  set  of  H  &  D  curves  for  a  particular  reversal  film  which  is 
being  tested. 

dve  curve  has  a  speed  which  is  0.25  log  E  too  high,  but  is  correct  in 
all  other  characteristics.  Let  us  now  assume  that  the  H  &  D  curves 
of  the  standard  and  of  the  test  film  are  expressed  in  terms  of  some 
type  of  integral  density,  rather  than  in  analytical  equivalent  neutra 
density.  Assume  that  the  dyes  used  in  the  film  are  those  shown  m 
Fig  12-14  and  the  integral-density  values  are  to  be  expressed  in  terms 
of  spectral  densities  at  450,  550,  and  650  m?.  The  red  integral- 
density  curve  corresponding  to  the  original  process  is  shown  as  (a)  in 
Fig.  12-15;  (b)  gives  the  corresponding  curve  for  the  different  emulsion 
illustrated  in  Fig.  12-13.  Similar  curves  for  the  green  integral  density 
and  the  blue  integral  density  are  given  in  Figs.  12-16  and  12-17.  Com¬ 
parisons  among  the  curves  shown  in  these  three  figures  do  not  indicate 
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Fig.  12-14  Spectral  density  curves  for  the  assumed  dyes  of  a  reversal  film  which  is 
being  tested. 


1'iG.  12- IS  Red  integral  density  curves  for  (a)  original  emulsion  shown  in  Fig 
12-11,  and  (b)  different  emulsion  illustrated  in  Fig.  12-13. 


477 


that  the  only  change  is  a  constant-speed  difference  in  the  red-sensitive 
emulsion  layer.  All  three  curves  are  changed,  indicating  curve-shape 
differences  as  well  as  speed  differences.  This  example  illustrates  the 
desirability  of  expressing  the  results  of  sensitometric  tests  of  this  type 
in  terms  of  equivalent  neutral  density.  Expressions  in  terms  of  other 
units  of  analytical  density,  for  example,  spectral  analytical  density,  would 


Fig.  12T6  Green  integral  density  curves  for  (a)  original  emulsion  shown  in  Fig. 
12-11  and  (b)  different  emulsion  illustrated  in  Fig.  12-13. 


show  the  same  sort  of  changes  from  one  batch  of  film  to  the  other, 
but  they  might  be  misleading  in  that  the  contrast  of  the  three  images 
would  be  quite  different,  and  a  comparison  of  the  relative  speeds  o 
the  three  images  in  a  given  set  of  H  &  D  curves  would  not  at  first 

glance  be  significant.  .  ,  .  .  , 

Due  to  the  much  greater  ease  with  which  integral  densities  can  be 

obtained,  the  routine  work  in  manufacturing-control  operations  is  fre¬ 
quently  based  on  integral-density  readings.  Analytical  densitometry  is 
then  made  use  of  in  cases  where  a  given  batch  of  product  fal Is  outside 
or  near  the  edge  of  the  tolerance  ranges  and  more  information  with 

regard  to  the  nature  of  the  deviations  is  required. 

The  manufacturing  control  of  a  color-negative  material  represen 
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essentially  the  same  situation  as  that  for  a  reversal  material.  Since 
such  a  material  is  designed  for  printing  onto  a  positive  rather  than 
for  direct  viewing,  the  H  &  D  curves  should  be  expressed  in  units  o 
equivalent  neutral  printing  density  rather  than  visual  equivalent  neutral 
density  Due  to  the  difficulties  encountered  in  measuring  equivalent 
neutral  printing  density,  however,  such  control  is  frequently  operated 


Fig.  12-17  Blue  integral-density  curves  for  (a)  original  emulsion  shown  in  Fig. 
12-11  and  (b)  different  emulsion  illustrated  in  Fig.  12-13. 


by  the  use  of  integral  printing  densities,  or  possibly  just  filter  densities. 
Here  again,  the  red,  green,  and  blue  density  curves  do  not  specifically 
represent  the  characteristics  of  the  cyan,  magenta,  and  yellow  dye  images 
involved,  so  that  H  &  D  curves  expressed  in  these  units  do  not  directly 
indicate  the  nature  of  a  deviation  from  standard  which  may  exist. 
However,  determinations  of  filter  densities  with  filters  transmitting  nar¬ 
row  bands  of  light  in  the  regions  of  the  greatest  density  differences 
among  the  three  dyes  frequently  more  nearly  correspond  to  a  represen¬ 
tation  of  the  cyan,  magenta,  and  yellow  dye  images  than  do  measure¬ 
ments  of  printing  density,  so  that  such  filter-density  measurements  can 
frequently  be  used  in  the  manufacturing  control  of  color  negative 
materials  without  any  recourse  to  analytical-density  measurements. 
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PROCESSING  CONTROL 


Control  of  a  commercial  process,  continuous  or  otherwise,  is  main¬ 
tained  by  sensitometric  strips  which  are  developed  in  the  process.  Once 
the  standard  processing  conditions  have  been  established,  it  is  not  neces¬ 
sary  that  all  the  steps  of  the  sensitometric  strip  be  measured.  In  many 
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Fig.  12-18  Deviations  of  density  readings  from  standard  for  three  steps  of  a  control 
chart. 


cases  it  is  found  that  density  readings  at  a  low-density  level,  an  inter 
mediate-density  level,  and  a  high-density  level  step  are  all  that  ar 
required.  The  sensitometric  strips  are  processed  at  periodic  intervals, 
and  the  density  readings  obtained  may  be  plotted  on  a  chart  such  as 
that  shown  in  Fig.  12-18.  A  comparison  of  this  chart  with  the  qua  i  y 
of  the  product  obtained  at  each  of  the  times  allows  a  correlation  between 
densitomctric  results  and  product  quality  and  permits  the  establishment 

48O 


of  certain  operating  standards  and  tolerances.  Correlation  of  such  data 
with  observations  as  to  mechanical  operation  of  the  machine  and  w.tlr 
Chemical  analyses  of  the  processing  solutions  frequently  leads  to  informa¬ 
tion  which  accounts  for  irregular  results,  thus  permitting  their  elim.na- 
tion  or  correction. 

Integral-density  measurements  usually  suffice  for  tins  sort  of  process 
control.  However,  when  the  processing  results  are  outside  the  permis¬ 
sible  tolerances,  it  is  usually  desirable  to  make  density  measurements 


Yellow  0.10 


Density  differences 

Fig.  12-19  Trilinear  plot  showing  density  differences. 

on  the  entire  sensitometric  strip  in  terms  of  analytical  densities.  Such 
measurements  give  more  specific  information  with  regard  to  the  nature 
of  the  deviations  from  standard  and  are  usually  more  useful  in  establish¬ 
ing  the  cause  of  the  difficulty  than  are  integral-density  measurements. 

Processing-control  results  can  also  be  expressed  in  the  form  of  a 
trilinear  plot,  as  in  Fig.  12-19.  The  three  densities  of  any  step  of 
the  sensitometric  strip  are  determined,  and  the  lowest  density  is  sub¬ 
tracted  from  the  other  two.  The  two  remaining  values  are  measures 
of  “density  balance”  or,  as  it  is  more  commonly  called,  “color  balance.” 
The  points  in  the  figure  represent  the  color  balance  at  one  exposure 
level  for  several  test  strips.  The  ellipse  represents  the  control  limits 
for  the  particular  process.  The  density  values  used  in  this  type  of  plot 
may  be  analytical  densities,  as  shown,  or  they  may  be  integral  densities 
in  which  case  the  axes  would  signify  red,  green,  and  blue  densities. 

Processing  control  may  be  considered  to  include  not  only  the  process¬ 
ing  itself  but  also  in  many  cases  a  printing  operation  or  measurements 
ot  a  processed  negative  to  establish  conditions  for  printing.  Printer 
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control  may  be  carried  out  by  exposing  standard  test  strips  on  the  printer 
and  processing  these  in  the  commercial  process.  Density  measurements 
of  the  final  result  may  be  plotted  in  the  two  forms  illustrated  in 
Figs.  12*18,  12-19,  or  in  other  ways.  This  checks  the  over-all  printer 
process  operation  and  must  be  compared  with  separate  processing  con¬ 
trol  from  sensitometer-exposed  strips  in  order  to  give  separate  informa¬ 
tion  with  regard  to  printer  control. 

In  making  prints  from  a  negative  it  is  desirable  that  the  negative 
contain  some  standard  exposure  area  on  which  density  measurements 
can  be  made.  A  typical  method  of  doing  this  is  to  expose  a  test  negative 
with  a  gray  card  included  in  the  scene  under  the  same  lighting  condi¬ 
tions  which  will  be  used  later  for  exposing  the  pictures,  and  to  process 
this  test  negative  along  with  the  picture  negatives.  Density  measure¬ 
ments  on  this  gray  card  area  can  then  be  used  for  establishing  printing 
conditions.  In  this  situation  it  is  quite  important  that  the  density 
measurements  be  in  terms  of  printing  density  with  regard  to  the  mate¬ 
rial  on  which  the  negative  is  to  be  printed. 


PROCESS  INVESTIGATION 

In  investigating  the  characteristics  of  a  combination  of  a  color  photo¬ 
graphic  process  and  film  or  in  working  out  a  new  color  photographic 
process  for  a  specific  type  of  use,  sensitometric  tests  are  almost  essential. 
It  is  usually  necessary  to  investigate  the  responses  of  a  variety  of  films 
under  a  variety  of  processing  conditions,  and  the  results  obtained  should 
be  in  such  a  form  that  the  greatest  possible  amount  of  information 
with  regard  to  the  specific  characteristics  of  a  given  film  and  the  effects 
of  a  variety  of  processing  conditions  on  it  be  obtained.  In  most  cases, 
density  readings  of  the  entire  sensitometric  strip  should  be  made 
and  these  density  readings  should  be  in  terms  of  analytical  density. 
Although  analytical-density  results  may  not  specifically  correlate  with 
any  given  change  in  the  film  itself,  or  in  any  specific  change  in  the 
processing  procedure,  it  is  likely  that  analytical-density  results  will  cor¬ 
relate  to  a  much  greater  extent  with  such  changes  than  will  Integra  - 

density  measurements.  .  , , 

For  example,  time  of  development  is  one  of  the  important  variables 
in  a  photographic  process.  A  family  of  II  &  D  curves  representing 
different  times  of  development  of  a  color-negative  material  requires  a 
great  deal  of  study  if  useful  information  is  to  he  derived  from  it.  Such 
data  should  include,  among  other  possibilities,  time-fog  cuwe^  tim 
speed  curves,  and  time-gamma  curves.  Three  curves  would  be  required 
in  each  case,  one  for  each  colorant  image. 
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ectral  sensitivity 


determination  of  sp 
distributions 


The  spectral  sensitivity  distribution  of  each  of  the  component  em 
sions  of  a  three-color  photographic  system  is  one  of  its  important  char¬ 
acteristics.  The  quantitative  determination  of  the  spectral  sensitivity 
distributions  of  color  films  is  exceedingly  difficult.  As  was  discussed 
in  Chapter  V,  the  contrast  of  an  emulsion  varies  with  wavelength  so 
that  the  effective  spectral  sensitivity  distribution  varies  as  a  function 
of  the  density  level  at  which  it  is  determined.  In  integral  color  films 
where  three-dye  deposits  occur  simultaneously,  measurement  of  the 
amount  of  each  for  determining  spectral  sensitivity  distributions  of  each 
of  the  layers  requires  a  highly  accurate  means  of  determining  analytical 
density.  In  addition,  there  are  often  interactions  among  the  layers  in 
a  three-color  film,  and  it  is  usually  quite  difficult  or  impossible  to 
separate  the  effects  of  these  interactions  entirely  from  the  effects  of 


spectral-sensitivity-distribution  changes. 

Approximate  spectral-sensitivity-distribution  data  may  be  obtained 
from  exposures  on  wedge  spectrographs  of  the  type  described  by  Mees 
(1942,  p.  688).  Greater  accuracy  is  obtained  from  exposures  to  mono¬ 
chromatic  sensitometers  as  described  by  Mees  (1942,  p.  678). 


I  N  T  E  R I M  AGE  EFFECTS 

In  three-color  photographic  processes  the  cyan  dye  image  is  usually 
controlled  by  the  red-sensitive  emulsion,  the  magenta  dye  image  by 
the  green-sensitive  emulsion,  and  the  yellow  dye  image  by  the  blue- 
sensitive  emulsion.  There  may  be  interactions  among  these  images, 
however,  so  that  when  they  are  combined  into  a  full  three-color  picture 
they  do  not  have  the  same  characteristics  as  they  would  have  if  they 
occurred  separately.  For  example,  in  an  imbibition  process,  such  as 
Dye-Transfer,  some  of  the  cyan  dye  image  which  has  been  transferred 
from  the  matrix  made  from  the  red  separation  negative  may  transfer 
back  into  the  matrix  made  from  the  green  separation  negative  during 
the  transfer  of  the  magenta  dye  to  the  paper.  If  this  should  occur, 
the  cyan  dye  image  remaining  would  be  a  function  of  the  matrix 
obtained  from  the  green  separation  negative  as  well  as  of  the  matrix 
obtained  from  the  red  separation  negative.  Such  interactions  may  also 
occur  in  monopack-type  films  in  which  the  three  emulsion  layers  are 
superimposed  on  a  single  support.  The  specific  nature  of  these  inter¬ 
actions  is  an  important  characteristic  of  any  given  color  photographic 
process.  These  interactions  may  be  studied  by  means  of  sensitometric 
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exposures  of  the  type  described  earlier,  that  is,  successive  exposures 
to  narrow  bands  of  light  which  expose  separately  the  layers  of  the  film. 
Figure  12-20  shows  the  H  &  D  curves  of  a  reversal  film  resulting  from 


Fig.  12-20  H  &  D  curves  for  exposures  of  narrow  wavelength  bands  of  light  (Han¬ 
son  and  Horton,  1952). 

such  exposures.  The  ordinates  are  in  units  of  analytical  density  and 
the  abscissa  units  indicate  that  three  separate  exposures,  R,  G,  and  B, 
have  been  made.  The  H  &  D  curves  of  the  result  of  the  red  exposure 
made  alone  on  the  same  film  are  shown  by  the  solid  line  in  Fig.  12-21. 
In  order  to  compare  this  result  with  that  shown  in  the  previous  figure 
the  II  &  D  curve  of  the  cyan  dye  image  from  that  figure  is  included 
as  a  dotted  line.  These  curves  indicate  that  there  is  some  interaction 
among  the  layers  during  the  processing  of  the  film.  Otherwise,  the 

two  curves  would  have  been  coincident. 

In  investigations  of  this  type  it  is  quite  important  that  the  density 
measurements  be  analytical  in  nature  so  that  the  results  indicate  the 
exact  nature  of  the  separate  dye  images. 
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Fig.  12-21  II  &  D  curves  for  exposures  to  red  light  alone  (Hanson  and  Horton, 
1952). 

SENSITO  METRIC  CHARACTERISTICS  AND  PICTURE 
QUALITY 

In  the  field  of  black-and-white  photography  a  great  deal  of  work  has 
been  done  in  relating  sensitometric  characteristics  and  picture  quality. 
The  extensive  work  of  Jones  and  Nelson  (see  Mees,  1942,  pp.  755-831), 
based  upon  observer  ratings  of  pictures,  has  provided  considerable  in¬ 
formation  concerning  the  relationship  between  tone  reproduction  and 
picture  quality. 

In  color  photography,  the  situation  is  somewhat  more  complicated 
in  that  color  reproduction  in  addition  to  tone  reproduction  must  be 
taken  into  account.  At  the  present  time  few  such  studies  in  the  field 
of  color  photography  have  been  completed.  It  has  sometimes  been 
assumed  that  the  problems  of  tone  reproduction  and  color  reproduction 
could  be  treated  separately,  even  though  there  are  definite  interrelation- 
Shrps.  Expenence  would  seem  to  indicate  that  to  a  first  approximation 
tins  assumption  is  justified.  In  general,  the  tone  reproduction  or 
neu  ral-scale  reproduction  of  a  color  process  seems  to  be  a  characteristic 
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of  major  importance  that  can  be  treated  almost  independently  of  the 
color-reproduction  aspects.  To  this  extent  it  appears  that  the  conclu¬ 
sions  drawn  from  tone-reproduction  studies  in  black-and-white  pho¬ 
tography  apply  in  a  general  way  to  color  photography.  Much  more 
information  will  be  required,  however,  before  any  quantitative  relation¬ 
ship  can  be  established  between  the  sensitometric  characteristics  of  a 
color  process  and  the  quality  of  the  picture  obtainable  from  it. 


COLOR  SENSITOMETRY  AND  COLORIMETRY 


In  relating  color  sensitometry  to  picture  quality,  it  is  necessary  to 
make  colorimetric  studies  of  color  reproduction  along  with  sensitometric 
and  psychometric  studies  of  picture  quality.  The  colorimetric  studies 
may  often  be  incorporated  with  the  sensitometric  studies.  Since  in 
three-color  photographic  processes  there  are  presumably  only  three  dyes 
in  a  given  image,  three  density  measurements  should  be  sufficient  to 
specify  entirely  the  spectral  absorption  curve  of  any  given  deposit.  By 
proper  calculation  these  density  measurements  can  be  converted  to 
colorimetric  data.  By  proper  calibration,  it  is,  therefore,  possible  to 
obtain  colorimetric  data  from  the  densitometric  data,  and  vice  versa. 
Thus,  a  densitometric  system  in  effect  becomes  one  type  of  colorimetric 


system. 

Such  data  may  be  plotted  in  colorimetric  or  densitometric  form. 
For  example,  suppose  that  the  various  combinations  of  the  three  dyes 
in  a  color  photographic  process  are  tabulated  and  their  chromaticities 
calculated.  These  chromaticities  may  be  plotted  on  the  CIE  diagram 
to  form  a  chromaticity  grid  as  shown  in  Fig.  12-22.  The  chromaticity 
of  a  given  deposit  of  dyes,  for  example,  an  area  in  a  color  photograph 
being  studied,  can  now  be  determined  by  making  equivalent-neutral- 
density  readings  of  the  deposit  and  referring  to  the  grid  in  the  figure. 
It  is  first  necessary  that  the  dye  occurring  in  the  least  amount  be  sub¬ 
tracted  from  the  other  two  values.  This  portion  represents  the  gray 
component  of  the  dye  mixture.  The  two  remainders  can  then  be  used 
with  the  grid  to  give  the  chromaticity  of  the  deposit.  The  procedure 
described  here  involves  slight  errors,  as  was  illustrated  in  Fig. 


(see  p.  387).  .  . 

Conversely,  use  may  be  made  of  trilinear  plots  such  as  shown  m 

Fis  12-23  Here  values  of  the  dye  densities  are  plotted  along  the  axes 

as  shown.  Again,  the  density  value  of  the  lowest-density  dye  in  a  given 

deposit  must  be  subtracted  from  the  other  two.  In  using  such  a  method, 

it  is  necessary  that  the  characteristics  of  a  colored  object  being  mvestn 

.rated  be  expressed  in  terms  of  the  amounts  of  the  three  dyes  of 
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Fig.  12-22  Chromaticity  grid  of  a  dye  set  used  in  color  photography.  Each  num¬ 
ber  at  the  end  of  a  line  indicates  the  equivalent  neutral  density  of  one  of  the  dyes 
for  all  points  along  the  line. 


487 


process  necessary  to  match  it.  In  this  way  a  color  representation  of 
the  object  being  investigated  can  be  plotted  on  the  trilinear  plot. 
Reproductions  of  it  can  also  be  plotted.  Differences  between  the  two 


m 


Fig.  12-23  Trilinear  method  of  plotting  dye  densities. 

points  indicate  differences  in  reproduction  in  terms  of  equivalent  neutral 

densities  of  the  dyes  of  the  system. 

These  methods  of  relating  color  sensitometry  to  colorimetry  do  not 
in  themselves  give  the  information  in  terms  of  visual-difference  units. 
They  are  merely  tools  which  may  be  used  in  investigating  certain  aspects 
of  the  problem  of  color  reproduction. 
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Analyses  ojColor-Sensitometric 

Characteristics 


CHAPTER  XIII 


SENSITOMETRIC  characteristics  of  color  photographic  processes 
may  be  studied  conveniently  with  reference  to  four  of  their  major 
aspects:  (1)  emulsion  sensitivities,  (2)  spectral  absorptions  of  the  image 
dyes,  (3)  process  responses  as  functions  of  neutral  scales  of  exposure,  and 
(4)  process  responses  as  functions  of  non-neutral  scales  of  exposure. 
Descriptions  of  each  of  these  aspects  can  be  given  by  graphical  repre¬ 
sentations,  using  wavelength  distribution  plots  for  the  sensitivities  and 
dye  densities,  and  II  &  D  curves  for  the  process  responses. 

In  practice,  not  all  the  variables  which  occur  under  the  four  headings 
listed  above  can  be  measured  quantitatively,  and  it  would  be  a  gross 
oversimplification  of  the  problems  involved  to  imply  that  any  actual 
color  photographic  process  can  be  described  completely  in  terms  of  a 
small  number  of  variables  which  sum  to  give  the  characteristics  of  the 
process  as  a  whole.  The  four  major  aspects  of  a  color  process  are  not 
entirely  independent  of  each  other  and  are  known  to  be  influenced 
by  a  number  of  factors  which  cannot  be  fully  taken  into  account  at 
the  present  time.  The  dyes  do  not  strictly  obey  the  Log  D  law,  and, 
m  addition,  the  spectral  absorption  characteristics  of  each  of  the  dyes 
may  be  influenced  to  some  extent  by  the  presence  or  absence  of  the 
others.  Spectral  sensitivity  distributions  cannot  be  determined  with 
high  precision  and  often  differ  when  measured  with  respect  to  various 
density  levels.  It  is  well-established  that  the  responses  of  a  given 
process  as  functions  of  non-neutral  scales  of  exposure  are  not  simply 
related  to  the  responses  as  functions  of  neutral  scales  of  exposure  because 

489 


of  the  interactions  which  take  place  among  the  various  images  during 
their  formation.  These  interactions  are  difficult  to  measure  quanti¬ 
tatively  because  the  many  variables  just  enumerated  cannot  easily  be 
separately  controlled  and  studied.  For  these  various  reasons  many  of 
the  important  attributes  of  color  photographic  processes  cannot  be  de¬ 
duced  from  a  knowledge  of  any  small  number  of  characteristics.  For 
actual  color  processes  direct  experimental  investigation  of  individual 
attributes  must,  therefore,  often  be  made  if  they  are  to  be  described 
properly. 

However,  experience  has  shown  that  a  great  deal  of  information  with 
regard  to  a  given  process  can  be  determined  by  making  approximate 
measurements  of  the  variables  separated  into  the  four  major  categories 
above.  Familiarity  with  the  changes  which  result  from  systematic  vari¬ 
ations  in  such  variables  contributes  greatly  to  an  understanding  of  the 
color  reproduction  which  may  be  achieved  with  a  given  three-color 
process.  For  purposes  of  discussion  in  this  chapter,  therefore,  it  will 
be  assumed  that  the  four  major  aspects  mentioned  can  be  represented 
completely  as  indicated  and  that  the  results  obtained  by  holding  any 
one  of  them  constant,  or  altering  it  in  a  prescribed  manner,  are  subject 
to  prediction  in  accordance  with  known  laws. 


Emulsion  Sensitivities 

Sensitivity  and  exposure  values  must  be  indirectly  inferred  from 
measurements  taken  after  development.  For  purposes  of  analysis,  how¬ 
ever,  it  is  convenient  to  think  of  them  as  characteristics  of  the  latent 
image  only  and  as  being  apart  from  any  further  processing  steps. 
It  is  also  convenient  to  assume  that,  within  the  range  of  phenomena 
dealt  with,  the  reciprocity  law  holds  and  that  the  H  &  D  curve  shapes 
for  any  particular  emulsion  are  independent  of  wavelength  of  exposure. 
On  the  basis  of  these  assumptions  and  the  application  of  Van  Kreveld  s 
law  the  integration  of  the  product  of  the  wavelength  distribution  of 
the ’incident  radiant  energy  and  the  spectral  sensitivity  distribution  gives 
an  unambiguous  value  for  effective  exposure.  These  assumptions  limit 
the  generality  of  the  results  obtained  but  are  necessary  to  keep  the 
treatment  within  reasonable  bounds  of  comprehension. 


exposures  and  exposure  densities 

If  the  letter  H  is  used  to  denote  the  irradiance  as  a  function  of  wave¬ 
length  A  on  the  surfaces  of  three  photographic  emulsions  having  rc 
spective ^sensitivity  distributions  of  Sr,  S*  and  S*  then  the  three  expo- 
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sures,  R,  G,  and  B,  obtained  in  the  exposure  times  tr,  t„  and  h  will 
be  given  by 

R  =  tr  J SrH  d\  G  =  te 


JsgHd\  B  =  th§SbHd\  (13  *  1^) 


If  the  radiant  energy  reaching  each  emulsion  surface  origina  es 
a  single  illuminant  having  a  relative  spectral  energy  distribution  ot  P, 
and  if,  prior  to  its  incidence  on  the  color  photographic  materials,  it  is 
either ’transmitted  by  or  reflected  from  a  single  object  with  a  transmit¬ 
tance  or  reflectance  distribution  given  by  T,  the  three  exposures  become 


R  =  trkjsrPTd\  G  =  tgk§SgPTd\  B  =  tbk$SbPTd\  (13-14) 


where  the  value  of  k  depends  upon  the  absolute  units  of  measure  cor¬ 
responding  to  H  and  P,  and  upon  a  number  of  geometrical  and  optical 
factors  pertaining  to  the  light  source,  the  object,  and  the  camera,  and 
to  their  relative  positions  with  respect  to  each  other. 

In  the  sensitometric  analysis  of  photographic  materials,  the  common 
logarithms  of  the  exposure  values  are  frequently  of  more  interest  than 
are  the  exposure  values  themselves.  The  red-light  log  exposure,  log  R, 
may  be  written  as 


log  R  = 


SrPTd\ 


+  log  trk 


(13-2*) 


A  different  form  of  this  equation  which  is  more  convenient  for  many 
purposes  can  be  obtained  by  adding  to  and  subtracting  from  the  right- 


hand  side  of  the  equation  the  logarithm  of  the  quantity  tr  SrP*), 

which  is  the  exposure  to  a  perfectly  reflecting  or  transmitting  object 
under  the  same  conditions.  The  result  of  this  operation  can  be  ex¬ 
pressed  as 


log  R  —  log  SrPT  d\/  j* SrP  d\j  +  log  ^ J ' SrP  d\)  +  log  trk 

(13-  2/^) 


1  he  first  term  on  the  right-hand  side  of  equation  13-2 b  represents  the 
logarithm  of  the  ratio  of  the  exposure  which  results  from  a  given 
object  of  reflectance  (or  transmittance)  distribution,  T,  to  the  exposure 
which  would  result  from  a  perfectly  white  (or  perfectly  transmitting) 
object  mider  the  identical  exposure  conditions.  The  white  or  “standard 
object”  is  assumed  to  have  a  reflectance  (or  transmittance)  of  1.00  at 
all  wavelengths.  This  quantity,  the  logarithm  of  the  exposure  ratio,  is 
encountered  frequently  in  treatments  of  photographic  color  reproduction 
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theory.  Various  special  names  have  been  applied  to  it.  In  conformity 
with  a  suggestion  made  by  Brewer,  Ilanson,  and  Horton  (1949),  the 
negative  of  this  logarithm  will  be  called  exposure  density,  and  it  will 
be  denoted  by  Dr  for  the  red-light  exposure,  and  Dff  and  Db  for  the 
green-  and  blue-light  exposures. 

Using  these  definitions,  the  equations  for  the  negative  log  exposures 
can  be  written  as 

—  log  R  =  Dr  +  kr 

—  log  G  =  Dg-\-  kg  (13-3) 


—  log  B  =  Db  +  kb 


where,  in  conformity  with  equation  13* 2b,  the  D’s  and  k's  are  defined 
as 


Dr  = 
De  = 


log  (/  SrPTd\/  j SrP  d\j;  kr  =  -  log  0 trk  J SrP  dX) 
log  (f  SgPTdX/ J SgP  dxj;  kg  =  -  log  (/g*J SgP  d\) 


Db  =  -  log  (/  SbPT d\/  J SbPd\J;  kb  =  -  log  (tbkjsbPd\) 


The  quantities  kr,  k0,  and  kb  will  be  referred  to  as  log  exposure  constants 
or  speed  constants.  Their  values  are  independent  of  the  reflectances 
(or  transmittances)  of  the  particular  objects  photographed. 


SENSITIVITY  DISTRIBUTIONS  AND  EXPOSURE 
DENSITIES 

A  thorough  analysis  of  the  sensitivity-distribution  requirements  of  a 
color  process  must  take  into  account  the  dye  system  of  the  process 
in  which  it  is  to  be  used,  and  it  involves  a  determination  of  the  desired 
colorimetric  relationships  between  the  photograph  and  the  original 
scene.  This  approach  to  the  theory  of  photographic  color  reproduction 
is  undertaken  in  later  chapters.  Though  less  basic,  a  simpler  and  more 
practical  study  of  sensitivity  distributions  and  color  reproduction  m 
general  is  made  through  the  determination  of  the  exposure  densities 
obtainable  with  various  sensitivity  distributions  in  photographing  typica 
object  colors.  In  this  way,  attention  can  be  centered  on  the  types 
of  distributions  which  are  physically  obtainable  and  the  co  ors  whic 
are  most  important  to  reproduce.  The  exposure  dens,  .es  determined 
by  this  procedure  give  no  direct  indication  of  the  colors  which 
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result  in  the  finished  photograph.  Additional  information  concerning 
the  dyes  and  the  H  &  D  curves  of  the  process  must  be  known  for 
such  purposes.  Differences  in  effects  of  various  types  of  distributions 
can  be  determined,  however,  which,  when  combined  with  similar  infor¬ 
mation  relative  to  various  dye  systems  and  H  &  D  curves,  give  a  con¬ 
siderable  amount  of  usable  information  concerning  requirements  for 
good  color  reproduction. 

’  in  order  to  make  such  a  study,  it  is  necessary  to  know  the  spectral 
characteristics  of  the  objects  selected  for  the  investigation.  In  Fig.  13  1 
(solid  line  curves)  are  given  the  transmittance  or  reflectance  distributions 
of  nine  selected  objects  of  different  colors.  These  objects  include  some 
which  are  frequently  photographed,  i.e.,  human  skin,  “sky  blue,"  green 
grass,  red  brick,  and  a  purple  flower.  The  others  are  colored  dyes 
chosen  to  extend  the  ranges  of  the  saturations  beyond  those  of  the 
natural  objects.  All  these  curves  were  obtained  from  actual  objects 


''?•  13/11.,SPectral  transmittance  or  reflectance  distributions  of  nine  selected  object 
colors  (solid  lines)  and  of  combinations  of  a  set  of  subtractive  dyes  which  match 

reTh  !bwer  ine!?  Tder  CIE  Illuminant  C:  (a)  flesh,  (b)  grass,  (c)  sky  blue,  (d) 
d  bnck,  (e)  purple  flower,  (f)  blue  dye,  (g)  green  dye,  (/,)  yellow  dye,  and  (f)  red 
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Fig.  13- 1(d)  Fig.  1 3  *  1  (c) 
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Fig.  13-1  (ft)  Fig.  13*l(i) 


or  materials  except  the  curve  for  sky  blue.  This  latter  curve  corresponds 
to  that  of  an  object  which  when  illuminated  with  CIE  Illuminant  C 
would  have  the  energy  distribution  of  light  from  the  sky. 

The  first  set  of  sensitivity  distributions  selected  for  a  hypothetical 
color  photographic  process  is  shown  in  Fig.  13-2.  These  curves  are 
the  chief  positive  portions  of  color-mixture  curves  *  for  three  mono- 


Fig.  13-2  Sensitivity  distributions  1  for  a  hypothetical  color  photographic  process, 
balanced  for  CIE  Illuminant  C. 


chromatic  primaries  at  the  wavelengths  450  m^.,  530  m n,  and  640  m fi 
and  were  obtained  by  means  of  linear  transformations  from  the  standard 
CIE  tristimulus  values  for  unit  amounts  of  spectral  energy.  rIhe  nega¬ 
tive  portions  and  secondary  positive  portions  of  the  color-mixture  curves 
have  been  omitted.  The  curves  overlap  considerably,  as  is  the  case 
for  all  curves  derived  from  transformations  of  color-mixture  data. 

These  curves,  and  those  of  the  other  sets  to  follow,  have  been  nor¬ 
malized  to  CIE  Illuminant  C.  This  means  that  the  integrated  area 
under  the  product  curve  for  each  sensitivity  distribution  and  the  energy 


*  As  will  be  discussed  more  fully  in  later  chapters,  color-mixture  curves  are  called 
for  as  sensitivity  distributions  in  the  theory  of  additive  and  subtractive  color  pho¬ 
tography. 
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distribution  of  CIE  Illuminant  C  is  equal  to  the  corresponding  area 
obtained  with  the  other  two  sensitivity  distributions  and  the  same  energy 
distribution. 

A  second  set  of  sensitivity  distributions  is  shown  in  Fig.  13-3.  These 
curves  were  obtained  by  lateral  displacements  along  the  wavelength 
axis  of  the  curves  shown  in  Fig.  13-2.  The  blue-sensitive  curve  was 


1 IG'  13'3  Sensitivity  distributions  2  for  a  hypothetical  color  photographic  process 


displaced  20  ny  toward  shorter  wavelengths,  the  green-sensitive  curve 

-U  in,,  toward  longer  wavelengths,  and  the  red-sensitive  curve  40  m, 

!°"™  .°"ger  wavelen8ths-  Tlie  normalizing  of  both  sets  of  curves 

API  L  1  TTr  C  aCC0unts  for  their  sli§ht|y  different  ordinate  values 
Although  the  shifted  sensitivity  distributions  are  further  removed  from 

color-mixture  curves  than  are  those  of  Fig.  13-2,  they  more  closely 
approach  the  sensitivity  distributions  used  in  practice. 

An  important  variation  in  sensitivity-distribution  form  is  that  of  the 
wavelength  range  of  its  ma|or  sensitivity.  This  is  illustrated  by  sensi 

t.v.ty-distr,but.on  set  3  in  Fig.  13-4.  It  is  similar  to  set  1  except  that 
each  curve  is  narrowed  considerably.  1  at 

Another  type  of  form  variation  is  that  in  which  each  nhntnarc  tv 
receptor  has  some  sensitivity  throughout  the  entire  spectrum  in  addition 
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to  its  major  sensitivity  in  one  specific  region.  Set  4  of  Fig.  13-5  repre¬ 
sents  this  case.  The  curves  are  similar  to  those  of  set  3  except  that  a 
small  sensitivity  of  constant  value  throughout  the  spectrum  has  been 
added  to  each  distribution.  In  normalizing  these  curves  to  CIE  Illumi- 
nant  C,  their  peaks  are,  of  course,  reduced  considerably  below  those 
of  set  3. 


Fig.  13-4  Sensitivity  distributions  3  for  a  hypothetical  color  photographic  process. 


Sensitivity  distributions  of  set  5  are  illustrated  in  Fig.  13-6.  These 
curves  represent  the  approximate  sensitivity  distributions  of  an  actua 

commercial  color  photographic  process. 

The  three  exposure  densities  (red,  green,  and  blue)  of  the  various 
selected  object  colors  to  each  of  the  different  sets  of  sensitivity  distribu¬ 
tions  are  given  in  columns  3,  4,  and  5  of  Fig.  13-7.  A  study  o  t  rese 
three  columns  indicates  that  changes  in  the  sensitivity  distributions 
introduce  appreciable  changes  in  the  exposure  densities,  although  they 
are  generally  of  somewhat  smaller  magnitude  than  are  the  differences 
among  the  three  exposure  densities  for  any  one  set  of  sensitivi  les. 

Detailed  comparisons  among  the  exposure  densities  are  made  more 
easilv  if  the  data  are  converted  to  the  form  given  in  columns  6,  /,  », 
and  9  of  the  table.  Column  6  is  labeled  “neutral”  and  indicates  the 
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Figure  13-7 
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Fig.  13-7  Exposure  densities  of  the  nine  selected 
sensitivity  distributions. 
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neutral  content  of  each  set  of  exposure  densities  It  is  equal  numerically 
to  the  smallest  of  the  three  exposure  densities  for  any  one  object  color 
and  set  of  sensitivity  distributions.  Columns  7,  8,  an  in  ica  e  1 
departures  from  neutrality  in  the  red,  green,  and  blue  directions,  re¬ 
spectively.  For  sensitivity  distribution  1  and  the  object  color  flesh,  the 
smallest  exposure  density  is  that  to  the  red  light,  or  Dr.  Its  value, 
0.355,  is  therefore  the  neutral  portion  of  the  exposure.  It  follows  that 
Dr  —  Dn  =  0,  whereas  Dg  —  Dn  =  0.187  and  Db  —  Dn  =  0.294.  The 
remaining  data  in  these  columns  are  obtained  in  a  similar  fashion. 

As  shown  in  Figs.  13-2  and  13-3,  set  2  of  the  sensitivity  distributions 
differs  from  set  1  only  in  the  wider  spacing  or  separation  along  the 
wavelength  scale  of  the  three  sensitivity  distributions.  If  the  neutral 
exposure  densities  of  the  nine  object  colors  for  these  two  sets  of  sensi¬ 
tivity  distributions  are  compared,  it  is  found  that  set  2  gives  lower  values 
for  six  objects,  the  same  value  for  one  object,  and  higher  values  for 
only  two  objects.  Separating  the  sensitivity  distributions  along  the 
wavelength  axis  thus  decreases  the  neutral  portion  of  the  exposure  density 
for  most  of  the  cases  illustrated.  Comparisons  between  the  neutral 
exposure-density  components  of  set  3  and  set  1  reveal  similar  results. 
Thus,  narrowing  of  the  sensitivity  distributions  also  generally  gives 
smaller  values  for  the  neutral  exposure  density.  The  opposite  is  true, 
however,  for  set  4  as  compared  to  set  1.  For  eight  of  the  nine  object 
colors  the  added  constant  sensitivity  throughout  the  spectrum  is  suf¬ 
ficient  to  give  a  greater  neutral  density  component. 

The  sensitivity  distributions  of  set  5,  which  approximate  those  of 
a  real  process,  are  slightly  narrower  and  more  widely  separated  than 
those  of  set  1.  In  conformity  with  the  indications  given  by  sets  2  and  3, 
these  also  tend  to  have  smaller  neutral  or  minimum  densities. 

Departures  of  the  exposure  densities  from  neutrality  can  be  indicated 
conveniently  by  means  of  a  trilinear  plot  of  the  data  in  the  last  three 
columns  of  the  table,  as  shown  in  Fig.  13-8.  In  this  diagram  the 
three  major  axes  represent  values  of  Dr,  Dg ,  and  Db.  Object  colors 
which  are  nonselective  have  three  equal  exposure  densities  and  therefore 
plot  at  the  center  or  origin  of  the  diagram.  Points  occurring  at  increas¬ 
ing  distances  from  this  origin  represent  increasing  departures  from  neu¬ 
trality  for  the  exposure  densities,  thus  corresponding  roughly  to  object 
colors  of  increasing  saturation.  Points  shown  at  progressive  angular 
distances  around  the  diagram  represent  changes  in  the  relative  ratios 
of  the  three  exposure  densities,  thus  corresponding  roughly  to  object 
colors  of  varying  hue.  Thus  the  diagram  is  similar  to  a  type  of  colori¬ 
metric  diagram.  However,  it  must  be  remembered  that' the  units  of 
measure  in  the  various  directions  on  the  diagram  are  in  terms  of  ex- 
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posure  density  and  that  these  measurements  cannot  be  related  directly 
either  to  tristimulus  values  or  to  saturation  or  hue  differences.  It  must 
also  be  remembered  that  the  data  presented  in  a  diagram  of  this  sort 
cannot  be  directly  related  to  the  color  reproduction  characteristics  of 
a  given  color  process  until  the  other  characteristics,  such  as  the  H  &  D 
characteristics,  and  the  dye  spectral  curves  of  the  process  are  known. 


Dr  D„ 


Fig.  13-8  Trilinear  plot  of  exposure  densities  of  nine  selected  object  colors  to  the 
five  sets  of  sensitivity  distributions. 


The  diagram  does  indicate  the  directions  of  color-reproduction  changes 
which  result  from  variations  in  spectral  sensitivity  distributions  of  the 

three  emulsions. 

In  Fig.  13-8  it  is  seen  that  the  points  corresponding  to  any  one 
object  color  and  different  sensitivity  distributions  vary  both  with  respect 
to  angular  position  around  the  diagram  and  to  distance  from  the  origin 
The  spread  of  the  points  is  in  general  somewhat  greater  for  the  mor 
saturated  colors  than  for  the  less  saturated  colors.  1  he  angular  shi 
are  sizable,  but  there  are  no  obvious  trends  correlating  direction 
shift  with  the  particular  sets  of  sensitivity  distributions.  Distances  from 
c  origin  however,  are  related  to  these  distributions.  In  seven  of 
e  n  ne  cases  the  points  corresponding  to  set  2,  the  more  widely 
ena  ated  sensitivity  distributions,  are  displaced  farther  from  the  neutra 
pomt  til  are  those  for  set  1.  The  same  is  true  in  the  same  number 
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of  cases  for  set  3,  the  narrowed  distributes.  In  all  4’ W, 

the  added  sensitivity  throughout  the  spectrum,  gives  the  smallest  de 
partures  from  neutrality.  The  “real  sensitivities,  set  5,  give  points 
which  in  most  cases  are  farther  from  the  origin  than  those  of  set  , 
although  the  differences  in  this  case  are  usually  not  quite  so  great  as 

for  set  2  or  set  3.  .  ,  -  n  A 

By  way  of  summary,  it  can  be  stated  that  the  data  of  Tigs.  3  an 

13-8  support  the  following  general  conclusions:  Minimum  neutral  expo¬ 
sure  densities  and  maximum  departures  of  exposure  densities  from  neu¬ 
trality  can  be  obtained  by  (a)  narrowing  the  sensitivity-wavelength  re¬ 
gions,  (b)  separating  them  along  the  wavelength  axis,  and  (c)  keeping 
sensitivities  to  a  minimum  outside  the  main  sensitive  regions.  T  hesc 
conclusions  are  of  importance  in  practical  color  photography,  because 
here  the  characteristics  of  minimum  neutral  exposure  density  and  maxi¬ 
mum  departures  from  neutrality  are  usually  desirable.  It  is  for  these 
reasons  that  the  sensitivity  distributions  for  real  processes  are  commonly 
narrower  and  more  widely  separated  than  are  the  distributions  which 
would  be  derived  from  color-mixture  curves. 


EXPOSURE  DENSITIES  OF  META  MERIC  PAIRS 

The  extent  of  the  departures  of  sensitivity  distributions  from  color- 
mixture  curves  is  also  of  importance  with  respect  to  the  reproductions 
of  metameric  pairs  of  colors.  Such  colors  will  in  general  have  the  same 
exposure  densities,  and  therefore  be  reproduced  the  same,  if  and  only 
if  the  sensitivity  distributions  correspond  to  a  possible  set  of  the  mixture 
curves.  This  requirement  concerns  only  the  reproduction  characteristics 
of  the  metameric  pairs  with  respect  to  each  other.  Even  if  fulfilled, 
the  reproduction  color  may  depart  materially  from  the  original. 

In  Fig.  13  T  the  transmittance  (or  reflectance)  distributions  of  nine 
selected  object  colors  were  given.  The  broken  curves  in  the  same  figure 
are  spectral  distributions  of  metamers  for  each  of  the  colors. 

A  trilinear  plot  showing  the  exposure-density  deviations  from  neu¬ 
trality  for  the  original  colors  and  their  metamers  is  given  in  Fig.  13-9. 
Two  sets  of  sensitivity  distributions  are  illustrated,  1,  which  corresponds 
to  the  positive  portions  of  a  set  of  color-mixture  curves,  and  5,  which 
approximates  the  sensitivities  of  an  actual  process.  The  small  circles 
in  the  figure  correspond  to  the  original  colors;  the  short  cross-lines  indi¬ 
cate  the  metamers.  Each  pair  of  points  (connected  by  a  line)  pertains 
to  one  color  and  one  set  of  sensitivity  distributions. 

In  nearly  all  the  cases  illustrated,  the  exposure  densities  of  the  meta- 
mcric  colors  differ  from  those  of  the  original.  The  differences  arc 
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greater  for  the  more  saturated  colors,  and  for  sensitivity  distributions  5 
than  for  sensitivity  distributions  1.  The  latter  is  a  consequence  of  the 
greater  departures  of  set  5  from  color-mixture  curves.  Although  the 
data  are  not  included  in  the  figure,  in  most  cases  the  neutral  components 
of  the  exposure  densities  also  change  by  greater  amounts  for  S  than  for  1. 
The  directions  of  the  changes  do  not  appear  to  follow  any  consistent 
pattern,  either  on  the  trilinear  plot  or  for  the  neutral  components. 


Dr  Dh 


The  data  presented  apply  to  a  single  metamcric  pair  tor  each  of  the 
colors  Actually,  there  is  an  unlimited  variety  of  metamcric  matches 
for  any  given  color,  and  the  differences  in  exposure  densities  which 
could  result  from  some  of  the  pairs,  would  be  considerably  greater  than 
any  of  those  illustrated  in  Fig.  13-9.  By  dealing  with  special  fam, , es 
of  hypothetical  dyes,  as  for  example  those  of  the  block  type 
existence  of  very  large  differences  can  be  demonstrated  easily,  wen  for 

sensitivity  distributions  such  as  1.  Such 

tions  are  unlike  those  of  real  ob]ects,  however,  so  that  the 

tained  have  little  bearing  on  practical  color  photography. 

Results  in  terms  of  exposure  densities  rather  than  m  terms  o  image 
densities  of  the  finished  photograph  have  been  discussed  thus  .  . 

506 


types  of  differences  found,  however,  must  of  necessity  give  rise  to  de¬ 
fences  in  .he  image  dyes.  The  important  conclusion  is  tha  sen  - 
tivitv  distributions  which  do  deviate  from  color-mixture  curves  must 
result  in  differences  in  the  reproduction  colors  of  objects  which  in  tie 
original  are  metameric.  Narrow  and  widely  spaced  sensitivity  dis  ri- 
butions  give  rise  to  greater  differences  than  wider  and  more  closely 
spaced  distributions.  This  does  not  necessarily  mean,  however,  that 
the  actual  reproduction  qualities  of  processes  employing  the  narrower 
and  more  widely  spaced  sensitivities  are  less  satisfactory.  In  fact,  the 
increases  in  saturation  of  reproduced  colors  possible  with  these  distri¬ 
butions  may  far  more  than  offset  the  reproduction  differences  in  meta¬ 
meric  pairs.  These  aspects  of  the  problem  will  be  considered  in  more 
detail  in  later  chapters. 


Dye  Systems 

The  spectral  absorptions  and  the  colorimetric  characteristics  of  a 
number  of  dyes  were  discussed  in  Chapters  IX  and  X.  These  charac¬ 
teristics  were  considered  in  relation  to  the  concentrations  of  the  dyes. 
In  dealing  with  the  colorimetric  characteristics  of  dyes  in  relationship 
to  color  photographic  processes,  it  is  convenient  to  define  unit  amounts 
of  the  dyes  in  terms  which  have  significance  in  the  photographic  process. 
The  most  satisfactory  unit  for  this  purpose  is  equivalent  neutral  density. 
The  definition  of  equivalent  neutral  density  and  the  methods  for  meas¬ 
uring  it  were  discussed  in  Chapter  XI. 

The  spectral  densities  of  three  dye  systems  typical  of  those  used  in 
color  photographic  processes  are  shown  in  Figs.  13-10  and  13-11.  The 
relative  amounts  of  the  three  dyes  have  been  balanced  to  give  a  neutral 
at  a  density  of  1.0  with  CIE  Illuminant  C.  The  spectral  distribution 
of  each  neutral  is  also  given  in  the  figures. 

Although  differing  in  detail,  these  three  dye  sets  have  common 
characteristics  which  are  also  common  to  all  dye  sets  used  in  color 
photographic  processes.  These  characteristics  include:  (1)  relatively 
high  unwanted  absorptions  of  the  cyan  dye  in  the  blue  and  green  spec¬ 
tral  regions,  (2)  high  magenta-dye  absorption  in  the  blue  and  low  ab¬ 
sorption  in  the  red,  (3)  some  yellow-dye  absorption  in  the  green,  and 
very  low  absorption  in  the  red,  and  (4)  a  neutral  which  is  somewhat 
selective.  Because  of  the  nature  of  the  unwanted  absorptions,  the 
maximum  spectral  density  of  the  cyan  dye  in  the  neutral  mixture  is 
considerably  greater  than  that  of  either  the  magenta  or  the  yellow, 
and  the  maximum  magenta  density  is  usually  slightly  greater  than  that 
of  the  yellow.  The  three  dye  sets  differ  in  the  exact  amounts  of  the 
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unwanted  absorptions,  in  the  amounts  of  deviation  from  nonselcctivity 
of  the  neutral,  and  in  other  details  pertaining  to  general  curve  shapes. 


Fig.  13-10  Spectral  distributions  of  dye  set  1  which  closely  approximate  those  of 
a  real  color  photographic  process. 


Fig  13-11  Spectral  distributions  of  dye  sets  2  and  3,  which  are  similar  to  those 
used  in  color  photographic  processes  (D.  L.  MacAdam,  private  communication). 

The  purpose  of  the  present  section  is  to  determine  the  manner  in 
which  these  various  characteristics  of  dye  systems  affect  the  way  in 
which  they  are  made  use  of  in  color  photographic  processes  anc  to 
examine  the  influence  of  such  characteristics  on  the  gamuts  of  colors 
which  can  be  produced  in  photographic  processes  making  use  of  them. 
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COLORIMETRIC  C  H 


ARACTERISTICS  OF  THE  NEUTRAL 


Owing  to  the  spectral  selectivity  of  the  neutral,  the  relative  amounts 
of  the  dyes  which  form  visual  neutrals  change  with  concentration,  and 
this  variation  is  different  for  different  dye  sets.  The  changes  in  chroma- 
ticities  for  the  dye  sets  shown  in  Fig.  13T1  which  would  result  if  the 
three  concentrations  of  each  set  were  kept  in  the  same  relative  propor¬ 
tions,  but  varied  from  zero  up  to  a  concentration  corresponding  to 
equivalent  neutral  densities  of  about  3.0,  are  shown  in  Fig.  13-12.  For 


Fig.  13-12  Changes  in  chroniaticity  as  a  function  of  concentration,  c,  of  the  mix¬ 
tures  of  each  of  the  two  sets  of  dyes  illustrated  in  Fig.  13-11  (D.  L.  MacAdam,  pri¬ 
vate  communication). 


one  of  the  dye  sets  the  change  in  chroniaticity  is  quite  small;  for  the 
other  it  is  large.  The  latter  set  forms  a  neutral  of  density  1.0  which 
has  fairly  high  far-red  transmission.  This  transmission  is  responsible 
for  the  major  changes  in  chroniaticity  as  the  concentration  increases. 


In  balancing  the  neutral  scale  of  an  actual  color  photographic  process, 
the  relative  concentrations  of  the  dyes  at  the  various  levels  of  density 
are  empirically  adjusted  so  that  the  chroniaticity  change  indicated  in 
Fig.  1^-12  does  not  take  place  at  higher  levels  of  the  density  scale. 

Another  important  result  of  spectral  selectivity  of  the  neutral  formed 
by  a  set  of  three  dyes  is  its  effect  on  the  stability  of  the  chroniaticity  of 
the  neutral  with  regard  to  changes  of  illuminant.  If  the  neutral  combi¬ 
nation  of  the  dyes  is  nonselective,  then  it  will  be  neutral  to  any  illu- 
minant.  However,  if  the  neutral  combination  is  selective,  this'  same 
combination  may  depart  considerably  from  neutrality  under  other  illu- 
m inants.  This  effect  was  illustrated  in  Fig.  11-16.  If  such  a  set  of  dyes 
is  used  in  a  color  photographic  process,  the  color  balance  and  general 
appearance  of  a  picture  may  be  changed  when  the  picture  is  viewed 
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with  illuminants  other  than  those  for  which  the  process  was  designed. 
It  is  therefore  quite  important  that  the  spectral  absorption  charac¬ 
teristics  of  the  neutral  formed  from  three  dyes  be  taken  into  considera¬ 
tion  in  selecting  the  dyes  for  use  in  a  color  photographic  process. 

COLOR  GAMUTS 

For  a  given  set  of  dyes  the  range  or  gamut  of  chroma ticities  which 
can  be  matched  with  the  various  combinations  of  the  dyes  is  limited 
by  the  maximum  concentrations  of  the  dyes  that  can  be  used.  For 
most  processes  this  maximum  concentration  corresponds  to  an  equiva¬ 
lent  neutral  density  of  about  3.0,  although  in  a  few  processes  it  may  go 
higher.  The  gamut  of  colors  available  from  a  given  set  of  dyes  is  illus¬ 
trated  in  the  chromaticity  plot  in  Fig.  13T3.  These  data  were  ob¬ 
tained  from  the  dyes  shown  in  Fig.  13-10.  The  radial  lines  terminat¬ 
ing  at  C,  M,  and  Y  represent  the  chromaticity  plots  of  the  three  indi¬ 
vidual  dyes.  The  outer  boundary  which  is  roughly  triangular,  on  which 
these  three  points  he,  represents  the  various  mixtures  of  the  three  dyes 
taken  two  at  a  time  with  the  maximum  amount,  in  units  of  equivalent 
neutral  density,  of  any  one  of  the  dyes  being  3.0.  The  gridwork  within 
this  boundary  represents  the  chromaticities  obtained  by  mixtures  of 
various  lesser  amounts  of  the  three  dyes  taken  two  at  a  time.  The 
equivalent  neutral  densities  of  the  dyes  in  the  combinations  are  indi¬ 
cated  on  the  boundary  at  the  ends  of  the  various  lines. 


By  means  of  the  grid  shown  in  Fig.  13-13,  the  chromaticity  of  any 
rnmbirmtinn  of  dves  taken  two  at  a  time  can  be  determined.  Con- 


has  been  studied  with  respect  to  the  dye  set  whose  spectral  density 
curves  were  given  in  Fig.  13-10.  Additions  of  a  dye  neutral  density  ot 
1  5  to  each  dye  combination  corresponding  to  intersection  points  on 
the  grid  of  Fig.  13-13  were  found  to  give  a  maximum  change  in  either 
x  or  y  of  less  than  0.006.  The  average  change  was  about  0.003. 


Fig.  13  13  Chromaticity  grid  for  the  dyes  illustrated  in  Fig.  13-10  with  CIE 

Illuminant  C.  1  he  numbers  indicate  the  equivalent  neutral  densities  of  the  dye 
components. 


Dye  sets  in  which  the  corresponding  dyes  differ  spectrophotometri- 
caHy  §ive  entirely  different  chromaticity  grids,  as  well  as  different  chro¬ 
maticity  boundaries  or  gamuts.  In  Fig.  13  - 14  a  few  of  the  chromaticity 
points  for  mixtures  of  the  dyes  of  set  2  illustrated  in  Fig.  13-11  are 
compared  with  points  corresponding  to  the  same  amounts,  measured 
in  equivalent  neutral  densities,  of  the  dye  set  illustrated  in  the  grid 
ig-  13'13’  ™e  most  conspicuous  difference  is  in  the  magenta  dve. 
ie  magenta  dye  from  Fig.  13-11  is  much  redder,  particularly  at 
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higher  concentrations.  For  all  points  other  than  those  of  the  magenta 
series  this  same  dye  set  gives  colors  of  higher  purity.  Differences  in 
dominant  wavelength  also  occur  throughout  the  grid,  but,  except  for 
the  magentas,  the  differences  are  not  great. 

Chromaticity  diagrams  of  the  type  illustrated  do  not  indicate  the 
luminous  transmittances  of  the  dye  combinations.  This  third  colori¬ 
metric  attribute  of  the  various  dye  mixtures  is  quite  important.  Except 


Fig.  13-14  Selected  points  in  the  dye  grid  for  dye  set  2  illustrated  in  Fig.  13-11 
as  compared  to  the  corresponding  points  of  the  grid  shown  in  Fig.  13-13  for  the 
dyes  of  Fig.  13-10. 

in  the  scale  of  neutrals,  the  same  equivalent  neutral  densities  of  dye 
combinations  in  different  dye  sets  have  different  luminous  transmit¬ 
tances.  Also  of  interest  are  the  transmittance  differences  between  dye 
sets  for  corresponding  chromaticity  points.  The  table  of  Fig.  13 T 5 
gives  the  luminous  transmittance  values  for  a  number  of  different 
chromaticity  points  for  various  two-dye  combinations  of  the  dye  sets 
already  illustrated.  In  all  cases  the  transmittances  are  higher  for  dye 
set  2  of  Fig.  13-11  than  they  are  for  the  dye  set  of  Fig.  13 TO. 

MacAdam  (1949)  has  studied  the  colorimetric  characteristics  of  vari¬ 
ous  combinations  of  a  number  of  cyan,  magenta,  and  yellow  dyes.  The 
dyes  shown  in  Fig.  13-11  and  the  subsequent  data  derived  from  them 
were  based  on  his  work.  Reference  should  be  made  to  Ins  origma 


512 


article  for  a  more  complete  study  of  the  influence  of  the  spectral  ab¬ 
sorption  characteristics  of  the  dyes  on  the  colorimetric  characteristics 

°fThe  "me' type  of  study  has  been  made  by  Clarkson  and  Vickerstaff 
(1948).  However,  in  their  work  they  did  not  use  the  spectral  absorp- 
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Fig.  13-15  Luminous  transmittances  of  selected  concentrations  of  the  single  dyes 
and  of  two-dye  combinations  of  dye  set  2  and  the  luminous  transmittances  for  the 
same  chromaticity  points  for  the  two-dye  mixtures  of  dye  set  1. 

lion  characteristics  of  real  dyes  but  made  use  of  simplified  assumed 
spectral  density  curves.  Some  of  their  data  have  been  discussed  in 
Chapter  X. 


H  &  D  Curves 

The  remaining  major  factors  determining  the  colorimetric  charac¬ 
teristics  of  a  color  photographic  process  are  its  H  &  D  curves  for  neutral 
and  for  non-neutral  scales  of  exposure.  As  described  earlier  the  H  &  D 
curves  indicate  the  manner  in  which  the  dye  densities  are  functionally 
related  to  the  log  exposures. 
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NEUTRAL  SCALES  OF  EXPOSURE 


The  H  &  D  curves  for  a  neutral  scale  of  exposure  for  a  typical  reversal 
color  process  are  shown  in  Fig.  13  T6.  In  this  figure,  the  ordinate  axis 
units  are  in  terms  of  equivalent  neutral  density.  Such  units  are  most 
convenient  in  relating  the  H  &  D  characteristics  of  a  color  process  to 
its  color  reproduction  characteristics.  The  units  of  the  abscissa  axis  are 
log  exposures.  In  order  for  these  units  to  be  significant  quantitatively, 


Fig.  13-16  II  &  D  curves  for  a  neutral  scale  of  exposure  for  a  typical  reversal  color 
film. 


the  spectral  energy  distribution  of  the  radiant  energy  falling  on  the 
color  film  must  Specified.  There  are  three  H  &  D ;  curves  marked  c, 
m  and  y,  representing  the  equivalent  neutral  densities  of  t  > 

magentaf  and  yellow  dye  images  which  in  turn  "'ere  ob  >^d  rom 
exposure  onto  the  red-sensitive,  the  green-sensitive,  and  the  blue-sens. 

^X^H^co^rXined  without  a  .riant, tative  de- 

terminS  of  the  absolute  exposure  values.  In 

in  the  abscissa  axis  are  relative  values  of  los  exposu 

formation  has  no  influence  at  all  on  the  shape  of  the  H  &  D  curves, 
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and  studies  concerned  with  the  shapes  and  relative  positions  of  sue 
curves  can  be  made  without  knowledge  of  the  exposure  units.  In  fact 
in  such  studies  it  is  frequently  convenient  to  plot  the  equivalent  neutr 
densities  of  the  dye  deposits  in  the  photographic  process  as  functions 
of  the  exposure  densities  of  the  objects  photographed  rather  than  as 
functions  of  log  exposures.  In  order  for  the  resultant  plot  to  be  similar 
to  the  usual  H  &  D  curve,  the  exposure-density  zero  point  is  placed  at 
the  right-hand  edge  of  the  graph  paper,  and  increasing  values  of  expo¬ 
sure  density  are  represented  by  increasing  distances  to  the  left  along 
the  abscissa  axis.  This  procedure  is  required  because,  except  for  a 
speed-constant  difference,  the  negative  of  the  logarithm  of  the  exposure 
equals  the  exposure  density  of  the  object  being  photographed.  As  the 
speed  constant  is  normally  the  same  for  all  three  exposure-density  types 
(red,  green,  and  blue),  its  value  does  not  alter  the  shapes  and  rela ti\  e 
positions  of  the  curves. 

When  a  film  is  exposed  through  a  silver  or  neutral  step  tablet  of  the 
type  described  in  Chapter  XI  on  a  sensitometer  or  other  such  device, 
and  the  exposure  times  and  intensities  are  empirically  adjusted  so  that 


the  densities  in  the  film  extend  over  the  entire  range  available  in  that 
film,  then  II  &  D  curves  may  also  be  obtained  by  plotting  the  resulting 
film  densities  against  the  values  of  the  step-tablet  densities.  No 
knowledge  of  the  absolute  values  of  the  exposures  as  empirically  estab¬ 
lished  is  necessary.  In  relating  the  H  &  D  characteristics  of  a  color 
process  to  the  color  reproduction  characteristics  of  that  process,  such 
a  plot  is  convenient.  Frequent  use  will  be  made  of  such  a  procedure 
in  this  and  the  remaining  chapters. 


SINGLY  CONTROLLED  COLOR  PHOTOGRAPHIC 
PROCESSES 

A  color  photographic  process  with  the  dyes  singly  controlled  is  one 
in  which  the  amount  of  each  of  the  dyes  which  is  deposited  in  a  given 
area  is  a  function  of  one  and  only  one  of  the  log  exposures  or  exposure 
densities.  For  example,  suppose  that  three  separation  negatives  are 
obtained  in  a  one-shot  camera,  and  suppose  that  entirely  independently 
of  each  other  the  red,  the  green,  and  the  blue  separation  negatives  are 
printed  onto  separate  films,  giving  a  cyan,  a  magenta,  and  a  yellow  posi¬ 
tive  image.  Finally,  suppose  that  these  three  dye  images  are  superim¬ 
posed  to  give  the  completed  color  picture.  In  such  a  process,  the 
amount  of  cyan  dye  would  be  a  function  of  the  red  separation  negative 
only,  the  amount  of  magenta  dye  a  function  of  the  green  separation 
negative  only,  and  the  amount  of  yellow  dye  a  function  of  the  blue 
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separation  negative  only.  This  would  be  an  example  of  what  may  be 
called  a  singly  controlled-dye  process. 

In  such  a  process,  the  II  &  D  characteristics  of  a  neutral  scale  of  ex¬ 
posure  would  describe  the  entire  H  &  D  characteristics  of  the  process 
for  neutral  and  non-neutral  exposures.  The  amounts  of  the  three  dyes 
which  would  be  obtained  in  photographing  an  object  with  any  three 
exposures  could  be  determined  directly  from  the  H  &  D  curve  of  the 
neutral  scale,  as  illustrated  in  Fig.  13-17.  The  three  curves  represent 


Fic  13-17  Equivalent  neutral  densities  resulting  from  a  neutral  and  a  set  of  non 
neutral  exposures  in  a  color  photographic  process  in  which  the  dyes  are  singly  con 

trolled. 


the  H  &  D  curves  of  the  cyan,  magenta,  and  yellow  images  of  an  assumed 
reversal  process.  A  neutral  object,  with  three  exposure  densities  equiva¬ 
lent  to  n  on  the  exposure-density  axis,  would  be  reproduced  by  the 
amounts  of  the  dyes,  c,  m,  and  y,  on  the  equivalent-neutral-dens.ty  axis. 
These  points  are  arrived  at  by  progressing  vertically  rom  the  point  n 
to  the  intersection  of  each  of  the  H  &  D  curves  and  thence  progressing 
horizontally  to  the  intersection  with  the  equivalent-neutral-density 

"The  values  of  c,  m,  and  y  are  not  equal,  and  therefore  the ^reprodu. 
tion  is  not  neutral  because  the  H  &  D  curves  of  the  neutral  scale  are 
superimposed  For  a  colored  object  of  unequal  values  of  exposure 
density,  represented  by  r,  g,  and  b  on  the  exposure-densdy  axis  he 
amounts  of  the  dyes  which  would  occur  in  the  reproduction  . 

cated  at  c',  m',  and  /. 
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neutral-scale  characteristics 

The  H  &  D  characteristics  of  a  neutral  scale  of  exposures  in  a  color 
process  relate  to  the  tone-reproduction  characteristics  of  tj-  Process, 
ust  as  they  do  in  a  black-and-white  process.  The  influence  of 
shape  of  the  curve,  the  slope  of  the  curve,  the  density  range,  and  so  on, 
are  similar  in  nature  to  the  influence  of  these  same  variables  on  black- 


Fig.  13-18  H  &  D  curves  illustrating  differences  in  curve  slope. 

and-white  picture  quality.  If  a  scale  of  neutrals  is  to  be  reproduced,  the 
three  dye  H  &  D  curves,  in  addition  to  being  superimposed,  must  be 
linear  with  slopes  of  unity.  However,  just  as  is  the  case  in  black-and- 
white  photography,  linear  curves  with  unit  slopes  are  neither  obtainable 
nor  necessarily  desirable.  Most  positive  color  transparencies  designed 
for  direct  viewing  are  made  in  processes  which  give  H  &  D  curves  with 
slopes  considerably  higher  than  unity,  and  which  have  flattened  toe 
and  shoulder  regions.  The  relative  brightnesses  of  a  scale  of  neutrals 
are  not  reproduced. 

Although  it  is  generally  found  in  practice  that  a  color  photographic 
process  must  reproduce  a  scale  of  neutrals  as  approximate  neutrals,  it 
is  not  always  necessary  nor  even  desirable  that  they  be  reproduced 
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exact  neutrals.  As  encountered  in  practice,  the  H  &  D  curves  of  the 
neutral  scale  may  be  superimposed;  they  may  be  essentially  parallel  but 
shifted  laterally  as  shown  in  Fig.  13-17;  or  they  may  have  slightly  dif¬ 
ferent  slopes  or  different  shapes  as  illustrated  in  Figs.  13-18  and  13-19. 
In  a  process  having  H  &  D  curves  such  as  those  shown  in  Fig.  13-19, 
the  neutral-scale  reproduction  would  consist  of  a  variety  of  colors.  It 


would  be  a  reddish  magenta  at  the  lowest  densities,  changing  with  in¬ 
creasing  density  through  the  various  colors  of  red,  yel  ow,  gixcnis  y 
low  yellow-red,  magenta,  blue,  and  finally  a  greenish  cyan.  None  of 
the  colors  would  be  highly  saturated,  but  the  hue  differences  would  be 
noticeable  Curves  of  this  type  are  said  to  display  kinks. 

In  considering  the  variety  of  neutral-scale  characteristics  possessed  by 
various  actual  processes,  it  is  difficult,  and  so, net uncs  irnposs able 

distinguish  between  those  which  are  desirable  and  t 

desirable  Experience  has  shown  that  the  exact  reproduction  of  a  sc. 
desirable.  r,xptricnc  ves  does  not  always  lead 

; rrSSOTSi  SSL 

:  s.“-  - 

5i8 


as  those  exhibited  in  Figs.  13-18  and  13-19  are  for  some  processes 
known  to  be  acceptable,  although  it  is  unlikely  that  they  are  ever  to 
be  preferred  to  curves  which  are  more  nearly  parallel. 


multiply  controlled  processes 

In  many  processes  of  color  photography,  the  amount  of  each  of  the 
dyes  which  is  deposited  in  a  given  area  is  a  function  of  two  or  ot  all 
three  types  of  exposure,  rather  than  of  one  alone.  Such  processes  may 
be  designated  as  multiply  controlled  color  photographic  processes  and 
are  said  to  have  interimage  effects.  These  effects  were  discussed  briefly 
in  Chapter  XII  (see  p.  483).  The  H  &  D  curves  of  the  neutral  scale  for 
multiply  controlled  processes  do  not  describe  their  H  &  D  characteristics 
completely.  Exposures  to  non-neutral  scales  of  illumination  may  give 
H  &  D  curves  that  are  different  from  those  obtained  for  the  scale  of 
neutrals. 

Suppose,  for  example,  that  the  three  separation  negatives  which  were 
used  in  the  singly  controlled-dye  process  previously  described  are 
printed  onto  a  matrix  film  and  three  relief  images  are  obtained,  and 
suppose  that  these  three  images  are  dyed  to  the  appropriate  cyan, 
magenta,  and  yellow  colors  and  transferred  successively  to  a  piece  of 
white  support,  the  cyan  being  transferred  first  and  the  magenta  being 
transferred  second.  Further,  suppose  that,  because  of  interimage  effects 
such  as  those  described  in  Chapter  XII,  some  of  the  cyan  dye  which 
has  already  been  transferred  to  the  support  is  absorbed  and  removed 
by  the  magenta  matrix  and  that  the  amount  which  is  removed  is  de¬ 
pendent  upon  the  thickness  of  the  magenta  matrix.  Then,  in  a  scale 
of  neutrals  the  magenta  matrix  will  remove  varying  amounts  of  the 
cyan  dye,  removing  a  maximum  amount  of  the  dye  at  the  maximum 
density  of  the  process.  The  H  &  D  curve  of  the  cyan  image  before  and 
after  this  removal  of  dye  is  illustrated  schematically  in  Fig.  13-20.  The 
lower  dotted  curve  represents  the  H  &  D  curve  of  the  cyan  image  in 
the  neutral  scale  of  the  process  which  has  this  interimage  effect.  An 
identical  exposure  scries  in  the  red  separation  negative,  but  with  no 
exposure  in  the  green  separation  negative,  would  give  the  same  initial 
cyan  H  &  D  curve  as  that  already  illustrated.  In  this  case,  however, 
since  there  has  been  no  exposure  in  the  green  separation  negative,  the 
matrix  made  from  it  will  be  at  maximum  thickness  throughout.  When 
the  magenta  dye  image  is  transferred  from  this  matrix,  it  will  remove 
the  maximum  amount  of  cyan  dye  from  the  entire  scale  of  cyans.  The 
resulting  cyan  image  is  indicated  by  the  dashed  line  in  Fig.  13-21.  After 
the  transfer  of  the  yellow  dye,  the  resulting  image  is  a  scale  of  reds. 
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The  cyan  dye  in  this  image  gives  an  H  &  D  curve  which  is  quite  dif¬ 
ferent  from  the  H  &  D  curve  for  the  cyan  image  in  the  scale  of  neutrals. 


Fig.  13-20  Schematic  illustration  of  H  &  D  curve  for  cyan  dye  (solid  line)  before 
application  of  a  magenta  matrix  derived  from  a  neutral  scale  of  exposures  and 
(broken  line)  after  the  application  of  this  magenta  matrix. 


Fic  13-21  Scl.cn.atic  illustration  of  H  &  D  curve  for  cyan  dye  (solid  line)  J*'01' 
application  of  a  magenta  matrix  having  a  maximum  th.ckness  throughout  and 
(broken  line)  after  the  application  of  this  magenta  matrix. 


A  similar  result  would  be  obtained  if  the  magenta  matnx  d.d  not  re 
move  cyan  dye  but  if  a  low-contrast  positive  .mage  were  made  from  the 
green  separation  negative  and  this  positive  combined  with  the  red  sop 
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the  interimage  effect  in  the  case  first  described.  .  ,  . 

This  example  does  not  describe  the  behavior  of  any  particular  ini  1- 
bition  process.  It  is  merely  used  to  illustrate  the  type  of  interimage 
effect  which  may  take  place  in  a  color  process.  In  practice,  the  m  er- 
image  effects  of  a  process  must  be  determined  by  a  study  of  that  par¬ 


ticular  process.  . 

In  order  to  describe  completely  the  H  &  D  characteristics  of  a  process 

which  has  interimage  effects,  it  is  necessary  to  obtain  not  only  the 
H  &  D  curves  for  the  neutral  scale  of  exposures  but  also  the  H  &  D 
curves  of  a  great  variety  of  colored-light  exposures.  This  leads  to  a 
great  mass  of  data  which  is  difficult  to  interpret  and  correlate  and  is 
seldom  done  in  practice.  However,  the  differences  which  exist  among 
the  various  processes  of  color  photography  are  characterized  by  dif¬ 
ferences  in  interimage  effects,  just  as  by  differences  in  sensitivity  dis¬ 
tributions,  neutral-scale  H  &  D  characteristics,  and  dye-absorption  char¬ 
acteristics.  Often  they  are  of  equal  importance. 

MATHEMATICAL  DESCRIPTIONS  OF  INTERIMAGE 
EFFECTS 

For  a  color  photographic  process  of  the  singly  controlled-dye  type, 
the  amount  of  cyan  dye  in  a  particular  area  of  the  film  depends  only 
on  the  red  exposure,  the  amount  of  magenta  dye  on  the  green  expo¬ 
sure,  and  the  amount  of  yellow  dye  on  the  blue  exposure.  Expressing 
the  exposures  as  exposure  densities,  these  relationships  can  be  repre¬ 
sented  mathematically  as 


c  =  Fc(Dr)  m  =  Fm(Dg)  y  =  Fy{Db)  (13-4«) 


where  c,  m,  and  y  represent  the  equivalent  neutral  densities  of  the 
cyan,  magenta,  and  yellow  dyes,  and  Dr,  Dg,  and  Db  represent  the  red, 
green,  and  blue  exposure  densities  of  the  object  or  illuminated  area 
photographed.  The  functional  relationships  would  be  given  graphi¬ 
cally  by  the  H  &  D  curves.  These  functional  relationships  could  be 
represented  analytically,  but  complicated  expressions  which  would  be 
difficult  to  use  would  be  required.  As  a  rough  approximation,  a  homo¬ 
geneous  linear  relationship  may  be  assumed,  in  which  case  the  analyti¬ 
cal  expressions  would  be  given  by 


c  KcDr  m  —  KmDe  y  —  hyDb 
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(13  -  4^) 


I  he  K  s  would  be  equal  to  the  slopes  of  the  three  straight  lines  which 
are  assumed  for  the  H  &  D  curves. 

In  a  multiply  controlled-dye  process  which  has  interimage  effects, 
each  of  the  dye  densities  is  a  function  of  all  three  of  the  exposure  densi¬ 
ties  of  the  object  in  the  original  scene.  The  general  expressions  for 
these  relationships  would  be 


c  =  Fc{DTi  Dg,  Db ) 


m  =  Fm(Dr,Dg,Db)  (\3-Sa) 

y  =  Fy(Dn  Dg)  Db) 

For  actual  photographic  processes  these  functional  relationships  are 
too  complicated  for  either  convenient  graphical  or  analytical  represen¬ 
tations.  However,  if  it  is  assumed  that  only  homogeneous  linear  rela¬ 
tionships  are  involved,  they  can  be  expressed  as 


c  =  KcrDr  +  KCgDg  +  KcbDb 


m  =  KmrDr  -f-  KmgDg  +  KmbDb  (13-5^) 

y  =  KyrDr  +  KygDg  +  KybDb 


In  these  equations  Kcr  represents  the  change  in  the  amount  of  cyan 
dye  as  a  function  of  change  in  red  exposure  density,  Kcff  the  change  in 
cyan  dye  as  a  function  of  change  in  the  green  exposure  density,  and  so 
on.  In  some  cases  the  K’s  will  be  positive  and  in  others  negative.  With 
assumed  or  experimentally  determined  values  of  the  nine  K  s,  it  is  pos¬ 
sible  to  calculate  the  amounts  of  the  three  dyes  which  would  result 

from  any  set  of  exposure-density  values. 

Linear  equations  do  not  closely  describe  the  characteristics  of  any 
real  color  process.  In  the  interests  of  simplicity,  however,  they  are  fre¬ 
quently  resorted  to  in  attempts  to  obtain  a  general  understanding  o 
the  nature  of  certain  observed  effects.  As  long  as  the  low  precision 
given  by  these  equations  is  adequate  for  the  purposes  intended,  they 


In  theoretical  studies  of  color  photographic  reproduction  H  &  D 
characteristics  of  the  type  defined  by  the  linear  equat.ons  are  frequent  y 
assumed  Attempts  are  then  made  to  establish  the  values  of  the  vari¬ 
ous  constants  whb*  would  lead  to  enact  color  matching  between  lie 

areas  of  the  photograph  and  objects  of  the  original  scene  or  possibly 

,  •  .  Li  •„  which  might  be  obtained  under  a 

of  some  approximation  to  tins  result  wmen  nngiu 

given  set  of  conditions.  The  equations  are  commonly  called  cdo 

production  equations.  Frequent  use  of  equations  of  this  type 

made  in  later  chapters. 
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Reproduction  Characteristics 
of  a  Hypothetical  Subtractive 

Color  Process 

CHAPTER  XIV 


AS  was  discussed  in  Chapter  XIII,  the  color  reproduction  charac- 
l\  teristics  of  a  subtractive  color  photographic  process  are  established 
by  the  emulsion  sensitivities,  the  dye  set,  and  the  response  curves  for 
neutral  and  for  non-neutral  scales  of  exposure.  Each  of  these  factors 
has  been  considered  separately  in  some  detail;  there  remains  the  prob¬ 
lem  of  how  the  four  are  interrelated  in  their  combined  effects  in  a  com¬ 
plete  process.  In  dealing  with  this  problem  it  is  necessary  first  to  postu¬ 
late  some  hypothetical  process  in  which  the  specific  nature  of  each  of 
the  factors  is  assumed.  By  means  of  this  hypothetical  process,  colori¬ 
metric  comparisons  can  be  made  between  colors  in  an  original  scene 
and  in  the  photographic  reproduction.  Alterations  in  any  one  factor 
then  make  possible  a  study  of  the  nature  of  its  particular  effect  in  the 
complete  system. 

THE  ASSUMED  COLOR  PHOTOGRAPHIC  PROCESS 

In  Fig.  14  T  are  given  the  spectral  density  curves  for  unit  equivalent- 
neutral-density  amounts  of  three  dyes.  These  dyes  correspond  closely 
to  those  which  might  be  used  in  an  actual  process.  The  neutral  is 
relatively  nonselective  so  that  throughout  the  density  range  of  0  to  3.0 
the  equivalent-neutral-density  values  can  be  assumed  to  be  essentially 
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Fig.  14-1  Spectral  density  distributions  of  unit  equivalent  neutral  density  amounts 
of  three  dyes. 
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linear  with  concentration.  The  chromaticity  grid  for  the  dye  set  is 

gl TL'rensItHty2 distributions  for  the  assumed  process  are  those  illus¬ 
trated  in  Fig.  ITT  These  distributions  conform  closely  to  those  which 


Fig.  14- 3  Sensitivity  distributions  of  the  emulsions  of  a  color  photographic  process 
balanced  for  CIE  Illuminant  C. 


might  be  used  in  an  actual  process.  They  have  been  balanced  for  CIE 
Illuminant  C. 

For  the  H  &  D  response  characteristics  of  the  film  it  will  be  assumed 
that  the  equivalent  neutral  densities  of  the  dyes  in  the  reproduction  will 
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equal  the  corresponding  exposure  densities  of  the  object  and  that  they 
will  be  independent  of  the  other  exposure  densities.  Specifically,  this 
means  that  c  =  Dr,  m  =  Dg,  and  y  =  Db.  The  TI  &  D  curve  illustrating 
these  relationships  is  shown  in  Fig.  14-4.  Each  of  the  three  equations 
just  given  is  represented  by  the  straight  line  with  the  unit  slope. 


REPRODUCTION  GIVEN  BY  THE  ASSUMED  PROCESS 


These  assumed  response  characteristics  give  exact  colorimetric  repro¬ 
ductions  for  a  scale  of  nonselective  neutrals,  but  not  necessarily  for  any 
other  object  colors.  In  order  to  study  some  of  the  other  reproduction 
characteristics,  references  will  be  made  to  the  nine  object  colors  used 
as  examples  in  the  preceding  chapter.  The  spectral  absorption  distri¬ 
butions  of  these  nine  objects  were  shown  in  Fig.  13T.  The  exposure 
densities  of  these  colors  to  the  sensitivity  distributions  (Fig.  14-3)  of 
the  assumed  process  are  given  in  the  table  of  Fig.  14*5. 


Figure  14-5 


Red 

Exposure  Densities 
Green 

Blue 

Flesh 

0.299 

0.563 

0.686 

Grass 

1.050 

0.886 

1.154 

Sky  blue 

0.448 

0.312 

0.146 

Red  brick 

0.594 

0.980 

1 .252 

Purple  flower 

0.448 

0.829 

0.556 

Blue  dye 

1.431 

0.958 

0.627 

Green  dye 

1.139 

0.561 

1.129 

Yellow  dye 

0.342 

0.382 

1.291 

Red  dye 

0.509 

1.658 

1.111 

Fig.  14-5  Exposure  densities  of  nine  selected  object  colors  to  the  sensitivity  dis¬ 
tributions  shown  in  Fig.  14-3. 


The  chromaticity  of  each  of  the  original  object  colors  is  indicated 
by  la)  in  the  diagram  of  Fig.  14-6.  The  luminous  reflectance  of  each 
color  is  given  in  the  second  column  of  the  table  accompanying  the  figure 
The  equivalent  neutral  densities  of  the  reproduction  dyes,  which  a 
identical  to  the  exposure  densities  given  in  Fig.  14-  5,  result  in  th 
chromaticity  points  indicated  by  (b)  for  each  color  in  Fig.  14-6.  Ihe 
luminous  transnuttances  for  the  reproduced  colors  are  given  m  the 

third  column  of  the  table.  r^mrlnccd 

A  comparison  of  the  chromaticity  points  representing  the  rep  odu, ced 

colors  with  the  points  representing  the  object  colors  show 

cases  the  reproduced  colors  have  lower  excitation  purities  than  the 
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object  colors.  In  some  cases  the  reproduced  colors  have  slightly  dif¬ 
ferent  dominant  wavelengths.  For  six  of  the  nine  cases  the  reproduce 


colors  have  lower  luminous  transmittances. 

This  figure  (Fig.  14-6)  describes  the  color  reproduction  characteristics 

of  the  assumed  process,  at  least  with  regard  to  a  particular  selection  of 


(a) 

(b) 

Flesh 

0.315 

0.332 

Grass 

.123 

.106 

Sky  blue 

.430 

.458 

Red  brick 

.141 

.137 

Purple  flower 

.178 

.218 

Blue  dye 

.087 

.086 

Green  dye 

.233 

.149 

Yellow  dye 

.436 

.348 

Red  dye 

.101 

.076 

tiG.  14-6  Chromaticity  plots  and  luminous  transmittances  of  (a)  nine  object  colors 
and  ( b )  their  reproductions  by  means  of  the  assumed  color  photographic  process. 

object  colors.  Without  at  this  time  attempting  to  analyze  the  practical 
significance  of  these  characteristics,  it  is  of  interest  to  investigate  how 
they  arc  influenced  by  variations  in  the  assumed  process. 


ALTERING  THE  SENSITIVITY  DISTRIBUTIONS 

The  effects  of  altering  the  sensitivity  distributions  of  the  assumed 
process  can  be  illustrated  by  means  of  the  sensitivity  distributions  of 
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Flesh 
Grass 
Sky  blue 
Red  brick 
Purple  flower 
Blue  dye 
Green  dye 
Yellow  dye 
Red  dye 


(a) 

0.315 

.123 

.430 

.141 

.178 

.087 

.233 

.436 

.101 


w 

0.332 

.106 

.458 

.137 

.218 

.086 

.149 

.348 

.076 


to 

0.326 

.105 

.461 

.135 

.200 

.085 

.187 

.371 

.089 


id) 

0.367 

.102 

.429 

.166 

.246 

.081 

.116 

.355 

.149 


to 

0.320 

.118 

.464 

.128 

.176 

.074 

.190 

.362 

.047 


(/) 

0.337 

.103 

.483 

.142 

.245 

.117 

.172 

.358 

.118 


Fig.  14-7  Chromaticities  of 
sensitivity  distributions  of  (b) 
( d )  sensitivity  distributions  2, 
tributions  4. 


(a)  original  colors  and  of  reproduction  colors,  using 
the  assumed  process,  (c)  sensitivity  distributions  1, 
(e)  sensitivity  distributions  3,  and  (f)  sensitivity  dis- 
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the  examples  in  the  preceding  chapter,  without  other  alterations  in  the 
assumed  process.  Hie  table  of  Fig.  13-7  gives  the  exposure  densities  o^ 
nine  object  colors  to  each  of  five  sets  of  sensitivity  distributions.  These 

sensitivity  distributions  are  given  in  Figs.  r°l'S!  p nr  such  a 

H  &  D  curve  for  the  assumed  process  is  shown  in  Fig.  14*4. 
curve  the  equivalent  neutral  densities,  c,  m,  and  y,  are  equal,  respec¬ 
tively  to  the  exposure  densities,  D,,  Dg,  Db.  \  he  exposure-density 
values  given  in  Fig.  13-7,  therefore,  also  represent  the  equivalent  neu¬ 
tral  densities  which  would  result  if  each  of  the  various  sets  of  sensitivity 
distributions  were  incorporated  into  the  assumed  process.  From  these 
known  values  of  equivalent  neutral  density  and  the  chromaticity  grid, 
which  relates  equivalent  neutral  densities  of  the  assumed  process  to 
trichromatic  coefficients,  the  chromaticities  of  the  reproduction  of  each 
of  the  object  colors  and  each  set  of  sensitivity  distributions  with  the 
assumed  process  can  be  determined.  By  use  of  tables  which  give  tri¬ 
stimulus  values  as  functions  of  the  equivalent  neutral  densities,  the 
luminous  transmittances  as  well  as  the  trichromatic  coefficients  can  be 


found. 

The  chromaticities  and  luminous  transmittances  found  for  the  repro¬ 
duction  of  each  object  color  with  each  set  of  sensitivity  distributions 
and,  otherwise,  the  assumed  process  are  shown  in  Fig.  14-7.  Each  set 
of  sensitivity  distributions  gives  different  reproduction  colors,  but,  ex¬ 
cepting  distributions  corresponding  to  f,  a  change  from  any  one  set  to 
any  other  gives  but  slight  changes  in  chromaticity  as  compared  to  the 
differences  between  the  originals  and  the  reproductions.  As  was  the 
case  in  Fig.  14-6,  the  major  shifts  from  the  object  colors  are  in  the 
direction  of  decreased  colorimetric  purity.  Narrowing  the  sensitivity 
distributions  generally  results  in  less  decrease  in  purity.  The  sensitivity 
distributions  (4)  which  included  some  sensitivity  throughout  the  entire 
spectrum  lead  to  much  lower  excitation  purities  than  do  the  others. 
There  are  also  differences  in  dominant  wavelength  and  luminous  re¬ 
flectance  (transmittance)  between  the  originals  and  the  various  repro¬ 
ductions,  but  these  follow  no  such  consistent  pattern  as  do  the  differ¬ 
ences  in  purity. 


ALTERING  THE  DYE  SETS 

I  he  changes  in  reproduction  chromaticities  and  luminous  transmit¬ 
tances  resulting  from  an  alteration  in  the  dye  system  of  the  assumed 
process  are  illustrated  in  Fig.  14-8.  The  dye  sets  used  are  those  of  2 
and  3,  whose  spectrophotometric  curves  are  shown  in  Fig.  13-11.  In 
almost  all  cases  dye  set  2  gives  higher  excitation  purity  and  higher  lumi- 
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nous  transmittance  than  does  the  assumed  process.  Dye  set  3  in  most 
cases  gives  higher  excitation  purity  than  does  the  assumed  process. 
Although  there  are  also  differences  in  the  reproductions  obtained  by 


Luminous  Transmittances 


Fig.  14-8 
process,  (c) 


(«) 

W 

Flesh 

0.315 

0.332 

Grass 

.123 

.106 

Sky  blue 

.430 

.458 

Red  brick 

.141 

.137 

Purple  flower 

.178 

.218 

Blue  dye 

.087 

.086 

Green  dye 

.233 

.149 

Yellow  dye 

.436 

.348 

Red  dye 

.101 

.076 

(0 

(d) 

0.350 

0.353 

.107 

.106 

.542 

.438 

.151 

.152 

.229 

.230 

.117 

.079 

.151 

.148 

.380 

.380 

.095 

.096 

Chromaticities  of  (a)  original  colors,  (b)  reproduction  with  assumed 
reproduction  with  dye  set  2,  and  (d)  reproduction  wrth  dye  set  3. 


2  and  3,  the  direction  of  these  differences  is  not  consistent  for  all  the 


‘  Cyan,  magenta,  and  yellow  dyes  have  their  chief  absorpt.ons  m  the 
red  green  and  blue  spectral  regions,  respectively,  and,  with  the  exc  p 
tion  of  some  yellows,  they  also  have  unwanted  absorptions  ontote  the* 
regions  A  change  in  the  amount  of  absorption  of  any  dye  on 
spectral  region  as  compared  with  its  absorptions  in  the  other  speetr 
regions  will,  of  course,  affect  the  reproduction  colors  obtained  by 
process  in  which  the  dye  is  used.  A  decrease  in  the  amount  of 
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Change  in  Dye  Color  Change  in  Color  Reproduction 
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Fig.  14-9  Color-reproduction  changes  to  be  expected  from  dye-color  changes  in  a  balanced  process  (F.  C.  Williams,  private  communi- 


wanted  blue  absorption  of  a  cyan  dye  will,  for  example,  give  lighter 
blues  and  cyans  in  the  reproduction  and  will  tend  to  make  the  cyans 
slightly  more  bluish.  This  is  a  direct  effect  which  is  obvious  from 
comparisons  between  the  original  and  the  altered  forms  of  the  cyan 
dye. 

A  change  of  the  absorption  in  one  spectral  region  of  a  dye  also  dis¬ 
turbs  the  dye-system  neutral.  The  restoration  of  the  neutral  introduces 
additional  changes  in  the  reproduction  colors.  Again,  with  a  cyan  dye 
as  an  example,  it  is  obvious  that  reduction  in  its  blue  absorption  would 
render  the  neutral  slightly  bluish.  The  amount  of  yellow  required  to 
make  an  equivalent-neutral-density  unit  is  greater.  This  means  that  in 
the  reproduction  yellows  and  reds  would  contain  more  yellow  dye. 

With  the  region  of  chief  absorption  used  as  a  reference,  it  is  evident 
that  the  relative  change  in  each  of  the  unwanted  absorptions  can  be 
either  an  increase  or  a  decrease.  Furthermore,  they  can  be  changed 
simultaneously,  both  increasing,  both  decreasing,  or  one  increasing 
while  the  other  decreases.  For  each  dye  there  are  eight  such  possible 
combinations.  In  the  table  of  Fig.  14*9  each  of  these  combinations 
for  each  dye  is  listed,  and  in  each  row  with  the  indicated  change  is 
given  the  corresponding  change  in  the  color  reproduction.  Both  the 
direct  and  the  indirect  effects  due  to  adjustment  of  the  neutral  are  in¬ 
cluded.  It  is  seen  that  with  each  individual  change  in  a  dye  there  are 
four  changes  in  the  colors  reproduced.  When  changes  in  both  regions 
of  unwanted  absorption  take  place  simultaneously,  all  the  colors  are 
affected.  These  effects  are,  of  course,  much  greater  in  some  cases  than 
in  others.  The  table  docs  not  indicate  the  order  of  magnitude  of  these 

differences. 

Figure  14-9  is  satisfactory  as  a  rough  guide  in  determining  how  re¬ 
production  colors  will  be  affected  when  one  dye  in  a  system  is  sub¬ 
stituted  for  another,  but  it  should  be  realized  that  the  descriptions  are 
qualitative  and  not  quantitative.  The  assumed  division  of  a  dye  into 
three  absorbing  regions  is  arbitrary,  as  is  the  consideration  of  only  six 
reproduction  colors.  Quantitative  information  concerning  the  colori¬ 
metric  effects  on  the  various  reproduced  colors  can  be  obtained  on  y 
through  tristimulus-value  computations  for  all  the  colors  which  arc  o 

interest. 


Altering  the  H  &  19  Characteristics 

The  II  &  D  characteristics  of  the  assumed  process  may  be  altered  m 
a  variety  of  ways  as  discussed  in  Chapter  XIII. 
varieties  need  be  investigated  here. 


Only  a  few  of  these 
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CHANGES  IN  SLOTE  IN 


the  H  &  D  CURVE 


One  of  the  important  characteristics  of  the  H  &  D  curve  is  its  slope. 
In  Fig  14-10  are  shown  three  sets  of  H  &  D  curves.  Curve  (a)  is  idem 
Heal  to  that  of  the  assumed  process.  It  is  a  straight  line  with  a  slope 
of  1  00  The  other  two  are  also  linear,  and  each  is  applicable  to  the 
three  dye  images  as  functions  of  the  corresponding  exposure  densities. 
One  of  these  curves  has  a  slope  of  1.3,  and  the  other  has  a  slope  of  .  . 


Fig.  14-10  H  &  D  curves  (d)  for  the  assumed  process,  c  =  Dr,  m  =  Dg,  y  =  Dh; 
(b)  c  =  1.3Dr  -  0.21,  m  =  1.3Dff  -  0.21,  y  =  1.3Db  -  0.21;  (c)  c  =  1.6Dr  -  0.42, 
m  =  1.6Dff  -  0.42,  y  =  1.6D„  -  0.42. 


These  values  represent  the  gammas  of  a  reversal  process.  It  will  be 
noted  that  these  curves  do  not  pass  through  the  origin  of  the  equivalent 
neutral  density,  exposure  density  axes  (at  the  lower  right-hand  corner  of 
the  figure).  As  will  be  seen  later,  the  increases  in  gamma  being  de¬ 
scribed  result  in  significant  decreases  in  the  luminous  transmittances 
of  the  reproduction  colors.  The  H  &  D  curves  are  adjusted  so  that  they 
have  zero  density  at  values  of  exposure  density  greater  than  zero.  The 
luminous  transmittance  errors  are  in  effect  readjusted  so  that  neutrals 
below  a  certain  density  value  will  be  reproduced  as  too  light  and  neutrals 
above  a  certain  density  value  will  be  reproduced  as  too  dark.  All  neu¬ 
trals  with  exposure  density  less  than  a  certain  value  will  be  reproduced 
at  zero  density.  I  his  shift  of  the  H  &  D  curve  (all  three  dye  curves  for 
one  process  being  shifted  equally)  does  not  influence  the  chromaticity 
of  the  reproduction  of  any  object  colors  when  the  exposure  densities 
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are  greater  than  the  minimum  point  on  the  curve.  The  shift  alters 
only  the  luminous  transmittances  of  the  reproductions. 

When  curves  with  these  increased  slopes  are  made  use  of  in  the 
assumed  process,  the  reproduction  colors  are  those  shown  in  Fig.  14T1. 


Luminous  Transmittances 


Flesh 
Grass 
Sky  blue 
Red  brick 
Purple  flower 
Blue  dye 
Green  dve 
Yellow  dye 
Red  dye 


(a) 

0.315 

.123 

.430 

.141 

.178 

.087 

.233 

.436 

.101 


(*) 

0.331 

.106 

.460 

.137 

.221 

.086 

.150 

.345 

.075 


(c) 

0.389 

.088 

.591 

.125 

.229 

.068 

.138 

.411 

.060 


id) 

0.456 

.073 

.761 

.114 

.238 

.054 

.129 

.492 

.050 


Fig  14-11  Chromaticities  and  luminous  transmittances  (reflectances)  of Mj)  ong 
inal  object  colors;  (b)  reproductions  with  equations^  =  D  m  _  D  U 

reproductions  with  c  —  1.3Dr  0.21,  m  •  g  ■  ’  b  q  ^ 

reproductions  with  c  =  1.6Dr  -  0.42,  m  =  1.6D,  -  0.42,  y  =  l.6Db  -  0.42. 

The  reproduction  colors  obtained  in  the  originally  assumed  process  are 
inducted  in  tins  figure  for  comparison.  A  study  of  the  gure  shows  ha 
increasing  contrast  gives  increasing  notation  punty  m  the ^.ced 
colors  In  most  cases  tire  reproduced  color  at  a  gamma  of  1 .6  does  not 

S«  „  ..  w  .1  f  “ 

though  it  is  higher  than  for  gammas  of  1 .0  or  .3. 

lengths  of  the  reproduced  colors  usually  differ  by  apprec.able,  but 
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laree  amounts  from  those  of  the  original.  These  change  with  increas¬ 
ing  gamma,  in  some  cases  more  nearly  approaching  those  of  the  ongma 
obiects  and  in  other  cases  departing  by  greater  amounts. 

It  should  be  noted  that,  if  the  process  is  balanced  to  begin  with 
that  a  scale  of  nonselective  neutrals  is  reproduced  as  a  scate  of  neutra  s 
this  condition  is  not  altered  as  the  gamma  is  increased.  In  this  sense 
the  balance  of  the  process  is  not  affected  by  changes  in  gamma  At 
the  same  time  an  increase  in  gamma  does  distort  the  neutral  scale  in 
that  any  difference  in  density  between  two  neutrals  m  the  original 
scene  is  magnified  in  the  reproduction. 


relative  speed  shifts 

In  all  the  cases  so  far  considered  it  has  been  assumed  that  the  three 
straight-line  H  &  D  curves  were  superimposed.  This  is  the  required 


c,m,y 


Exposure  density 


Fig.  14-12  II  &  D  curves  for  a  process  in  which  all  the  gammas  are  1.6,  but  with 
speed  differences  among  the  three  curves. 

condition  if  nonselective  neutrals  are  to  be  reproduced  as  dye  neutrals 
in  the  photograph,  but  it  is  not  a  condition  which  exists  in  all  proc¬ 
esses.  A  variation  from  the  neutral  color  balance  is  illustrated  by  the 
three  II  &  D  curves  shown  in  Tig.  14-12.  These  curves  are  represented 
by  the  equations: 

c  =  1.60 (Dr  -  0.22) 
m  =  1 .60 (Dg  -  0.32) 
y  =  1.60(D6  -  0.30) 
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04-1) 


Straight-line  II  &  D  curves  are  still  assumed,  and  the  three  lines  are 
parallel  with  slopes  of  1.60.  The  separations  among  the  three  lines 
(measured  in  a  horizontal  direction)  correspond  to  speed  differences. 


(*) 

(*) 

to 

(d) 

Flesh 

0.315 

0.456 

0.482 

0.356 

Grass 

.123 

.073 

.079 

.112 

Sky  blue 

.430 

.761 

.559 

.488 

Red  brick 

.141 

.114 

.119 

.149 

Purple  flower 

.178 

.238 

.252 

.237 

Blue  dye 

.087 

.054 

.060 

.093 

Green  dye 

.233 

.129 

.141 

.166 

Yellow  dye 

.436 

.492 

.519 

.386 

Red  dye 

.101 

.050 

.050 

.097 

Fig.  14-13  Cliromaticities  and  luminous  transmittances  (reflectances)  of  ( a )  orig¬ 
inal  object  colors;  (b)  reproductions  with  c  =  1.6Dr  -  0.42,  m  =  1.6D,  -  0.42, 
y=  1.6Db  -  0.42;  (c)  reproductions  with  equations  14-1;  (d)  reproductions  with 

equations  14-2. 

Such  H  &  D  curves  do  not  reproduce  nonselective  neutrals  as  dye  neu¬ 
trals.  They  will,  however,  reproduce  such  neutrals  at  constant  chro¬ 
ma  ticity. 

The  effects  on  the  cliromaticities  of  the  reproduced  colors  ot  intro¬ 
ducing  these  speed  differences  among  the  II  &  D  curves  are  illustrated  in 
Pig  14-13.  Point  (a)  in  each  cluster  corresponds  to  the  original  object 
color.  Point  ( b )  corresponds  to  the  reproduction  obtained  with  tie 
assumed  process  when  superimposed  II  &  D  curves  with  gammas  of  • 
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(Fig.  14-10)  are  used.  Point  (c)  corresponds  to  the  reproduction  for 
H  &  H  curves  of  1.6  gammas,  but  with  speed  differences  among  the 
three  curves.  The  differential-speed  changes  are  such  as  to  increase 
the  cyan  with  respect  to  the  magenta  and  yellow  and  increase  the 
yellow  with  respect  to  the  magenta.  These  changes  are  reflected  in  the 
chromaticity  plots  which  show  all  the  points  at  (c)  to  be  in  the  general 
direction  of  increasing  cyan  or  possibly  green  with  respect  to  the  points 
of  the  same  group  at  ( h ).  The  exact  direction  in  each  case  depends 
upon  the  particular  shape  of  the  dye  grid  in  the  region  in  which  the 
change  takes  place.  The  changes  in  the  curves  of  Fig.  14-12  from 
those  of  Fig.  14-10  represent  a  slight  movement  to  the  right  for  the  cyan 
dye  curve  and  movements  to  the  left  for  the  magenta  and  yellow  dye 
curves.  The  reproduction  colors  corresponding  to  (c)  are  in  most  cases, 
therefore,  lighter  than  those  corresponding  to  ( h ),  as  is  indicated  in  the 
table  of  luminous  transmittances  with  the  figure. 

CONTROL  OF  EACH  COLORANT  BY  ALL  THREE 
EXPOSURES 

In  all  the  assumed-process  characteristics  considered  up  to  this  point 
the  amount  of  each  of  the  dyes  occurring  in  the  reproduction  of  a  given 
object  was  determined  by  one  and  only  one  of  the  three  exposures.  In 
a  multiply  controlled-dye  process  the  amount  of  each  of  the  dyes  de¬ 
posited  is  functionally  related  to  all  three  of  the  exposures.  Such  a 
condition  has  been  discussed  earlier  in  Chapters  XII  and  XIII.  As¬ 
suming  straight-line  H  &  D  curves,  a  set  of  equations  indicating  such 
relationships  is  as  follows: 

c  =  1.26Dr  -  0.38Dg  +  0.13D&  +  0.01 

m  =  -0.09 Dr  +  1.36 Dg  -  0.2 6Db  -  0.07  (14-2) 

y  =  —0.30 Dr  -  0.42Dg  +  1.72 Db  +  0.04 

These  equations  have  been  derived  for  the  sensitivity  distributions  and 

dye  systems  of  the  assumed  process  and  for  the  nine  object  colors  used 
as  examples  m  this  chapter  by  the  method  for  obtaining  approximate 
color  reproductions  described  in  Chapter  XVIII  (pp.  660-661).  The 

chromaticities  obtained  through  the  use  of  these  equations  are  plotted 
as  points  ( d )  in  Fig.  14-13.  P 
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METHODS  FOR  COMPARING  REPRODUCTION 
CHARACTERISTICS 


In  Figs.  14 ’6  through  14  T  3  the  chromaticities  of  the  reproductions 
of  the  nine  selected  object  colors  have  been  indicated  for  process-char¬ 
acteristic  variations  of  all  the  types  investigated.  Superficial  compari¬ 
sons  of  the  results  have  been  made  by  merely  examining  the  chroma- 
ticity  of  each  reproduction  in  relation  to  the  chromaticity  of  the  object 
color.  At  first  glance  one  might  be  inclined  to  assume  that,  if  the 
point  representing  the  reproduction  on  the  chromaticity  diagram  is 
moved  nearer  to  the  point  representing  the  original  subject,  then  the 
reproduction  is  an  improvement.  However,  in  varying  one  of  the  proc¬ 
essing  characteristics  some  of  the  reproduction  points  are  usually  moved 
closer  to  the  original  and  others  are  moved  farther  away.  In  addition, 
it  must  be  remembered  that  the  chromaticity  diagram  does  not  indicate 
the  luminance  differences  which  may  exist  between  the  object  color 
and  the  reproduced  color. 

It  would  obviously  be  desirable  to  establish  some  index  of  comparison 
or  figure  of  merit  rating  for  the  various  assumed  processes  in  order  to 
simplify  comparisons.  By  using  such  a  merit  rating  one  could  deter¬ 
mine  directly  whether  a  given  change  in  a  process  characteristic  gave 
improved  or  less  satisfactory  color  reproduction  (see  Condon,  1950,  pp. 


59-63). 

The  establishment  of  a  fidelity  index  or  figure  of  merit  rating  requires 
a  great  deal  of  information  which  is  not  now  available.  Firstly,  it  re¬ 
quires  a  knowledge  of  the  relative  importance  of  various  object  colors 
so  that  proper  weighting  can  be  given  to  them.  Secondly,  it  requires  a 
knowledge  of  the  most  desirable  chromaticity  of  reproduction  of  each 
of  these  colors.  It  is  frequently  assumed  that  the  most  satisfactory  color 
reproduction  would  be  that  in  which  the  chromaticity  and  luminance 
of  the  object  color  are  exactly  reproduced.  This  is  not  necessarily  the 
case.  In  fact,  it  has  been  shown  in  one  particular  instance  (MacAdam, 
1951)  that  the  average  accepted  reproduction  of  human  skin  is  signifi¬ 
cantly  different  in  chromaticity  from  actual  human  skin.  Thirdly,  it  is 
important  to  establish  the  units  of  measure  of  the  reproduction  devia¬ 
tions  from  the  original.  The  treatment  of  color  metrics  in  Chapter  II 
dealt  with  this  subject,  where  a  variety  of  approaches  to  the  problem 
were  discussed.  T  his  treatment  dealt  with  the  degree  of  visual  differ¬ 
ences  between  colors.  It  did  not  deal  with  the  problem  of  the  impor¬ 
tance  of  these  differences.  Although  no  thorough  study  of  this  aspect 
of  color  matching  has  been  made,  it  is  likely  that  there  are  many  cases 
in  color  reproduction  where  one  reproduction  difference  which  is  slightly 
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noticeable  is  much  more  important  or  much  more  objectionable  than 
another  reproduction  difference  which  is  more  noticeable. 

Thus  for  expressing  our  color  reproduction  in  terms  of  a  hgure  ot 
merit,  we  must  have  established  the  aim  points  for  the  reproductions 
of  a  number  of  colors,  the  relative  weighting  which  must  be  placed  on 
these  colors,  and  the  unit  of  measurement  for  deviation  of  the  actual 
reproductions  from  the  aim  points.  With  this  information  we  could 
sum  the  reproduction  deviations  and  see  which  process  has  the  best 

score. 

Although  at  the  present  time  there  are  insufficient  reliable  data  to 
establish  such  an  index,  it  is  of  interest  to  make  some  arbitrary  assump¬ 
tions  in  order  to  see  what  steps  one  must  go  through  in  evaluating  the 
process  variations  discussed  earlier.  We  have  considered  nine  object 
colors  and  for  the  present  purpose  will  assume  that  these  are  the  colors 
of  importance  and  that  each  should  be  equally  weighted.  We  shall 
also  make  the  assumption  that  the  reproduction  aim  of  each  color  is 
identical  with  the  chromaticity  and  luminance  of  the  object  color  itself. 

Probably  the  simplest  unit  to  use  in  measuring  color  differences  in 
color  photographic  systems  is  that  of  equivalent  neutral  density,  ex¬ 
pressed  in  terms  of  the  particular  dyes  of  the  system  being  investigated. 
These  differences  are  not  equivalent  to  visual  differences,  nor  are  they 
the  same  for  all  dye  systems.  Nevertheless,  they  probably  correlate 
better  with  visual  differences  than  do  straight  chromaticity  measure¬ 
ments,  and  they  are  relatively  easy  to  calculate  and  interpret  in  terms 
of  known  variables  of  the  photographic  processes.  On  the  basis  of 
such  a  unit,  the  color  difference  for  any  one  color  might  be  taken  as 
A sif  where 

A  A'2  =  (c/  -  a)2  +  (m/  -  mi)2  +  (y/  -  yf  (14-3) 

where  cit  iniy  and  y*  give  the  combination  of  the  dyes  necessary  to 
match  the  original  subject,  and  c/,  m{,  and  y{  give  the  combination 
actually  found  in  the  photographic  reproduction.  Once  the  A s{  for 
each  color  is  found,  the  average  of  their  absolute  values  could  be  taken 
as  the  figure  of  merit  or,  for  more  convenient  computations,  the  square 
root  of  their  average  ASi2  might  be  used.  Alternately,  only  their  de¬ 
partures  from  the  neutral  might  be  considered  in  such  computations. 

As  a  closer  approximation  to  true  visual  differences,  the  MacAdam 
unit  of  color  discrimination  might  be  used.  This  could  be  based  upon 
chromaticity  differences  alone  (Chapter  II,  p.  92)  or  on  combined 
chromaticity  and  luminance  differences  (Chapter  II,  p.  94). 

In  the  table  of  Fig.  14-14  are  given  values  obtained  by  some  of  these 
alternatives  for  several  different  forms  of  the  process  assumed  at  the 
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beginning  of  this  chapter.  In  all  cases  the  sensitivity  distributions  and 
the  dye  system  are  taken  as  the  same.  The  differences  are  only  in  the 
equations  for  the  assumed  functional  relationships  between  exposure 
densities  of  the  object  and  equivalent  neutral  densities  of  the  repro¬ 
duction.  Equations  expressing  these  relationships  are  given  beneath  the 

figure.  Idie  color  difference  in  each  case  is  given  by  A s?\/n 

where  As*  is  the  departure  for  a  particular  color,  in  accordance  with 
one  of  the  methods  described,  and  n  is  the  number  of  objects. 


Figure  14-14 
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Fig.  14-14  Measures  of  color  difference  between  a  set  of  original  object  colors  and 
their  photographic  reproductions.  Reproduction  equations  are  given  by  (a)  c  -  Dr, 
m  =  Dy,  y  =  Db;  ( b )  c  =  1.3Dr  -  0.21,  m  =  1.3D,  -  0.21,  y  =  1.3D„  -  0.21; 
(c)  c  =  1.6Dr  -  0.42,  m  =  1.6 Dy  -  0.42,  y  =  1.6Db  -  0.42;  (d)  equations  14-1; 
and  (e)  equations  14-2. 


The  first  two  columns  of  numbers  in  Fig.  14-14  give  chromatic  dif¬ 
ferences  only.  Units  in  the  first  column  are  those  of  equivalent  neutral 
density;  those  of  the  second  are  of  MacAdam  visual  (chromaticity)  dif¬ 
ferences.  Rows  {a),  ( b ),  and  (c)  of  the  table  correspond  to  process 
gamma  differences.  For  both  types  of  units,  the  chromatic  differences 
decrease  as  the  process  gamma  is  increased  from  1.0  to  1.3  and  from 
1.3  to  1.6.  The  magnitudes  of  the  changes  indicate  marked  improve¬ 
ments  in  the  process  with  these  gamma  changes.  Slight  additional  im¬ 
provements  are  indicated  by  (d)  and  (e)  for  the  processes  with  the 
color  reproduction  equations  of  equations  14-1  and  14  2. 

Full-color  differences,  for  the  same  sets  of  colors,  are  given  in  columns 
3  and  4.  The  absolute  values  of  the  numbers  in  any  one  column  can¬ 
not  be  compared  with  those  in  the  other  columns,  but  intercomparisons 
can  be  made  among  the  different  forms  of  the  process  as  given  by  the 
numbers  in  each  column.  Comparisons  among  the  process  variations 
based  upon  full-color  differences  would  rank  the  different  types  o 
process  in  exactly  the  same  order.  Even  so,  the  full-color  difference 
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type  of  measure  suggests  different  conclusions  with  respect  to  the  rela¬ 
tive  importances  of  various  types  of  process  changes.  Increases  in 
gamma,  from  (a)  to  (b)  and  (b)  to  (c),  show  smaller  color  differences, 
and  thus  improved  color  reproduction,  but  the  indicated  improvements 
in  these  cases  are  not  as  large  as  those  indicated  by  the  chromatic  dif¬ 
ference  measures.  However,  if  each  dye  is  controlled  by  each  exposure 
density,  as  in  (e),  a  great  reduction  in  color  differences,  and,  therefore, 
improvement  in  process,  is  indicated.  I  he  chromatic  difference  meas¬ 
ures  give  no  indication  of  such  marked  improvements. 

The  purpose  of  the  data  presented  in  Fig.  14-14  and  just  discussed 
is  to  point  out  the  nature  of  the  problem  involved  in  attempting  to  set 
up  an  index  number  which  characterizes  the  goodness  of  reproduction 
of  a  photographic  process.  There  is  an  unlimited  number  of  possible 
indices,  each  of  which  would  give  at  least  slightly  different  results. 
There  is  no  process  of  logic  by  which  a  choice  can  be  made  among  the 
alternatives.  The  suitability  of  any  method  can  be  determined  only  by 
means  of  actual  observer  judgments  as  to  the  quality  of  reproduction 
in  color  photographs.  It  is  unlikely  that  a  unique  solution  to  the  prob¬ 
lem  can  be  arrived  at  by  such  means,  but,  nevertheless,  until  a  vast 
amount  of  data  of  this  type  has  been  collected,  any  selection  of  a 
figure  of  merit  index  is  largely  arbitrary. 


Relationships  to  Real  Processes 

The  hypothetical  process  and  its  variations  which  have  been  discussed 
in  the  earlier  portions  of  this  chapter  do  not  conform  to  specific  real 
processes  but  do  indicate  the  general  nature  of  some  of  the  more 
important  variables  encountered  in  practical  work.  The  chapter  will 
be  concluded  with  a  brief  discussion  of  these  variables  as  they  relate 
more  directly  to  real  processes. 

GAMMA  CONTROL;  L  ATITUDE 

In  all  the  examples  illustrated,  the  H  &  D  curves  have  been  taken 
as  straight  lines.  Such  H  &  D  curves  are,  of  course,  never  found  in 
actual  color  photographic  processes;  they  round  off  in  the  toe  and 
in  the  shoulder  regions  and,  in  many  cases,  will  not  be  strictlv  straight 
(ines  °ver  more  than  extremely  short  exposure  ranges.  The  deviations 
from  linearity,  other  than  in  the  toe  and  shoulder  regions,  however  are 
usually  of  minor  importance  and  probably  do  not  significantly  affect  the 
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As  indicated  in  the  examples  given,  any  set  of  real  dyes  and  sensitivity 
distributions  tend  to  give  low  saturations  unless  the  gammas  are  con¬ 
siderably  higher  in  value  than  1.0.  For  this  reason  almost  all  color 
photographic  processes  have  higher  gammas.  The  actual  values  ordi¬ 
narily  range  from  about  1.3  to  1.6,  although  gammas  as  high  as  2.0  are 
not  uncommon. 

The  factors  in  emulsion  control  of  photographic  processes  which 
determine  density  range  are  usually  different  from  those  which  deter¬ 
mine  gamma.  As  long  as  the  density  range  remains  fixed,  the  over¬ 
all  possible  density  differences  are  unaffected  by  changes  in  gamma. 
Increases  in  gamma,  therefore,  tend  to  emphasize  saturation  differences 
within  limited  exposure  ranges  of  the  film  but  do  not  increase  the 
highest  attainable  saturations.  It  is  in  this  difference  of  over-all  latitude 
that  the  distinction  between  hypothetical  straight-line  H  &  D  curves 
and  the  H  &  D  curves  encountered  in  practice  is  of  most  importance. 

To  the  extent  possible,  the  gammas  of  the  H  &  D  curves  for  the 
three  different  colorants  are  kept  the  same.  If  the  gammas  differ  appre¬ 
ciably,  the  film  will  have  differences  in  color  balance  between  the  low 
and  higher  exposure  regions  which  are  readily  evident  and  visually 
disturbing. 

RELATIVE  SPEED  RELATIONSHIPS 

Although  to  a  first  approximation  it  seems  desirable  to  keep  the 
three  H  &  D  curves  superimposed  so  that  nonselective  neutrals  will 
be  reproduced  as  neutrals,  slight  departures  from  this  arrangement  are 
consciously  sought  in  the  final  balancing  of  many  processes.  Determina¬ 
tions  of  the  proper  relative  positions  of  the  three  curves  are  made 
empirically  on  the  basis  of  what  gives  the  most  pleasing  results.  Sub¬ 
jective  judgments  are  therefore  involved,  but  the  consistency  with 
which  certain  arrangements  are  decided  upon  suggests  that  the  direction 
and  required  amounts  of  off-balance  are  related  to  basic  aspects  of  the 
processes  which  could  be  objectively  analyzed. 

INTERIMAGE  EFFECTS 

As  has  been  indicated  (see  p.  540),  closer  color  photographic  reproduc¬ 
tions  of  any  given  set  of  colors  can  be  obtained  when  the  amount  o 
each  colorant  deposited  in  each  part  of  the  image  is  functionally  relatei 
to  all  three  exposure  densities  rather  than  to  one  alone.  Color  reproduc¬ 
tion  equations  were  given  on  p.  537,  illustrating  one  such  set  of  func- 
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tional  relationships  which  would  give  reasonably  good  reproducti 

for  nine  object  colors.  „ 

In  most  actual  color  photographic  processes  each  colorant  is  normally 

deposited  to  some  extent  as  a  function  of  all  three  exposures.  In  dye- 
transfer  processes  this  may  result  from  back  transfer  and  m  monopack 
processes  to  the  acceleration  or  de-acceleration  of  development  as  a 
function  of  development  taking  place  in  adjacent  layers.  Such  effects 

are  commonly  called  interimage  effects. 

Interimage  effects  occur  in  most  color  photographic  processes,  but 
they  are  not,  in  general,  subject  to  direct  quantitative  control,  although 
they  usually  can  be  modified  advantageously.  They  have  seldom  been 
studied  sufficiently  to  determine  their  exact  effects  on  color  reproduction 
in  a  given  process.  There  is  no  reason  to  believe,  for  example,  that 
they  are  linearly  or  otherwise  simply  related  to  exposure  densities. 
Nevertheless,  it  has  been  established  that  at  least  some  of  them  do 
improve  color  reproduction. 

In  the  equations  on  p.  537  the  gamma  values  are  positive  and  well 
above  unity  for  the  red  exposure  density  in  the  cyan-colorant  equation, 
for  the  green  exposure  density  in  the  magenta-colorant  equation,  and 
for  the  blue  exposure  density  in  the  yellow-colorant  equation.  Most 
of  the  other  gammas  are  negative,  indicating  that  the  amounts  of  the 
deposited  colorants  should  be  decreased  rather  than  increased  with 
increases  in  their  exposure  densities. 

MASKING 

Influencing  one  colorant  image  by  all  three  exposure  densities  can 
be  achieved  quantitatively  by  resorting  to  masking.  Masking  can  be 
applied  only  if  the  final  color  photograph  is  separated  by  one  or  more 
reproduction  stages  from  the  film  exposed  in  the  camera.  From  the 
camera  film  one  or  more  positives  or  negatives  are  obtained  by  each 
color  of  exposure,  red,  green,  and  blue,  and,  with  these  in  register  with 
the  camera  film  or  with  each  other,  exposures  on  the  final  print  material 
are  made.  This  method  makes  possible  the  individual  control  of  each 
of  the  gammas  given  in  the  reproduction  equations.  Ideally,  therefore, 
it  provides  a  basis  for  obtaining  the  best  possible  reproduction  for  any 
linear  combination  of  exposure  densities.  Such  extensive  masking  has 
not,  however,  come  into  wide  usage,  chiefly  because  of  the  difficulty 
of  obtaining  exact  register  of  the  various  images. 
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COLORED  COUPLERS 


I  lie  undesirable  effects  of  the  overlapping  dye  absorptions  were 
greatly  reduced  with  the  introduction  of  colored  couplers  (Hanson  and 
Yittum,  1947;  Hanson,  1950  and  1952).  Such  couplers  may  be  used 
as  the  image-forming  components  in  processes  which  have  the  couplers 
incorporated  in  the  emulsions.  The  coupler  compound  itself  is  a  dye, 
and  this  dye  is  destroyed  by  the  reactions  which  occur  during  the  devel¬ 
opment  of  the  image  dye.  This  image-wise  destruction  of  the  color 
of  the  coupler  (see  pp.  265-266)  results  in  two  images,  one  composed 
of  the  unused  coupler  and  the  other  composed  of  the  image  dye  formed 
by  the  coupling  process.  If  the  developed  image  is  a  negative,  then 
the  residual  coupler  image  will  be  a  positive.  By  proper  selection  of 
the  coupler  the  residual  coupler  image  can  be  made  to  cancel  the 
effects  of  the  unwanted  absorptions  of  the  image  dye  or  to  introduce 
any  of  the  corrections  which  can  be  accomplished  by  masking  (see 
p.  565  et  seq.). 
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Duplicating 

CHAPTER  XV 


THE  term  duplicating  as  it  will  be  used  here  applies  to  the  process 
of  reproducing  a  color  photograph  where  the  dye  systems  of  the 
original  photograph  and  of  the  reproduction  are  the  same.  The  original 
may  be  either  a  positive  or  a  negative,  and  there  may  be  intervening 
separation  negatives  or  color  photographs  between  the  original  and  the 
final.  The  basic  requirements  for  duplicating  are  that  the  dye  systems 
of  the  original  and  of  the  final  be  the  same,  and  that  the  latter  is 
intended  as  a  reproduction  of  the  former. 

The  theory  of  duplicating  is  somewhat  simpler  to  deal  with  than 
is  that  of  other  types  of  photographic  reproduction.  An  exact  visual 
match  between  a  photographic  original  and  its  duplicate  means  that 
corresponding  points  in  the  two  have  equal  amounts  of  each  of  the 
component  dyes.  The  problem  can  therefore  be  dealt  with  on  a  purely 
physical  basis,  without  the  necessity  of  taking  the  observer’s  visual 
characteristics  into  account.  The  assumption  will  be  made  throughout 
this  chapter  that  the  viewing  conditions  for  the  original  and  its  duplicate 
are  sufficiently  alike  to  require  no  compensating  changes  in  the  duplicate. 


Direct  Duplication  of  Color  Photographs 

Consideration  will  first  be  given  to  the  types  of  reproduction  errors 
which  are  introduced  in  the  process  of  direct  duplication.  Afterward 

a  study  will  be  made  of  the  requirements  necessary  for  the  correction 
of  these  errors. 
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ERRORS  INVOLVED  IN  DIRECT  DUPLICATING 


A  reversal  process  will  be  assumed  for  a  direct  duplication  process, 
with  each  colorant  in  the  reproduction  controlled  by  a  single  type  of 
exposure.  The  general  nature  of  the  errors  in  the  reproduction  becomes 
immediately  evident.  The  yellow  dye,  for  example,  in  the  reproduction 
is  controlled  by  the  blue-light  exposure.  The  blue  light  passing  through 


Fig.  15-1  Dye  set  to  be  used  in  illustrating  theory-  of  duplicating  subtractive  color 
photographs;  vertical  lines  indicate  wavelengths  of  monochromatic  exposures. 


the  original  which  gives  this  exposure  is  a  function  primarily  of  the 
yellow  dye  in  the  original,  but  it  is  also  controlled  to  an  appreciable 
extent  by  the  unwanted  absorptions  of  the  cyan  and  magenta  dyes. 
The  amount  of  yellow  dye  in  the  reproduction  is  therefore  a  function 
of  the  amounts  of  all  three  dyes  in  the  original,  not  of  the  yellow  dye 
alone.  The  magenta  and  cyan  dyes  of  the  reproduction  are  each,  in 
like  manner,  functions  of  all  three  dyes  of  the  original.  It  is  evident, 
therefore  that  with  such  a  process  there  can  be  no  one-to-one  corre¬ 
spondence  between  the  amount  of  each  dye  in  the  original  and  the 
amount  of  the  same  type  of  dye  in  the  reproduction. 

Reference  to  an  example  will  indicate  the  general  magnitude  of  the 
effects  just  discussed.  The  assumed  dye  set  will  be  that  which  is  illus¬ 
trated  in  Fig.  15-1  by  means  of  spectral  density  distributions  for  unit 
equivalent-neutral-density  amounts  of  each  of  the  three  dyes.  The  expo- 
sures  will  be  assumed  to  be  made  with  monochromatic  lines  at  the 
wavelengths  shown  by  the  vertical  lines  in  the  figure,  450  m*  530  m* 

and  680  m/*. 
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At  680  m/x,  a  unit  amount  (in  equivalent  neutral  densities)  of  ie 
cyan  dye  has  a  density  of  0.868.  At  this  same  wavelength,  unit  amounts 
of  the' magenta  and  yellow  dyes  have  densities,  respectively  of  0  017 
and  0.023.  The  density  of  c  units  of  the  cyan  dye  would  therefore  have 
a  density  of  0.868c,  of  m  units  of  the  magenta  dye  0.01 7m,  and  ot  y 
units  of  the  yellow  dye  0.023y.  If,  therefore,  in  a  particular  portion 
of  a  color  photograph  there  are  c  units  of  cyan  dye,  m  units  of  magenta 
dye,  and  y  units  of  yellow  dye,  the  total  density  at  680  mp  will  be  the 
sum  of  these  products.  This  total  density,  denoted  by  Dr,  is  given  by 
the  first  equation  of  equations  15Td.  1  he  other  two  equations  are 

obtained  in  a  similar  fashion,  the  coefficients  of  c,  m,  and  y  being  equal 
to  the  densities  of  the  dyes  illustrated  in  Fig.  13-1  at  330  m/x  for  Dg  and 
450  m/A  for  Db. 

Dr  =  0.868c  4-  0.017 m  +  0.023y 

Dg  =  0.164c  4~  0.687m  4~  0. 145jy  (15*  1  #) 

Db  =  0.182c  4-  0.210m  4-  0.625y 

The  quantities  Dr,  Dg,  and  Db  are  densities  to  particular  monochro¬ 
matic  radiations  of  red  light  (680  m/x),  green  light  (530  ni/x),  and  blue 
light  (450  m^)  of  any  area  of  the  original  film  in  which  the  cyan, 
magenta,  and  yellow  dyes  of  the  process  are  present  in  amounts  (equiv¬ 
alent  neutral  densities)  of  c,  m,  and  y.  The  duplicating  film  is  assumed 
to  be  exposed  by  radiations  at  these  same  wavelengths,  and,  therefore, 
the  amounts  of  the  three  exposures  are  determined  by  the  intensities 
of  these  three  radiations  which,  for  the  area  considered,  are  transmitted 
through  the  original.  As  a  result  of  these  exposures,  and  processing, 
dyes  will  be  formed  in  the  duplicate  in  amounts  of,  say,  c',  m',  and  y'. 
Assuming  that  the  amount  of  each  of  these  dyes  is  controlled  by  a  single 
type  (color)  of  exposure  and  employing  the  usual  H  &  D  curve  method 
of  representation,  the  values  of  c',  m',  and  y'  would  be  represented  as 
functions  of  the  logarithms  of  the  red,  green,  and  blue  exposures.  As 
shown  in  Chapter  XIII,  p.  492,  a  similar  representation  may  be  obtained 
in  terms  of  exposure  densities  rather  than  logarithms  of  exposures. 
If  linear  H  &  D  curves  are  assumed,  the  c7,  m',  and  /  will  be  linearly 
related  to  the  corresponding  exposure  densities. 

The  functional  relations  are  conveniently  expressed  in  terms  of  ex¬ 
posure  densities  because  the  quantities  Dr,  Dg,  and  D,„  in  addition  to 
being  spectral  densities  of  an  area  of  the  original  film,  may  be  considered 
a  set  of  exposure  densities  of  this  area.  This  may  be  demonstrated  by 
applying  the  definition  of  exposure  density  as  given  on  p.  492.  Further¬ 
more,  if  a  perfectly  trasmitting  area  in  the  original  film  (Dr  =  D,;  = 
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T^b  0)  is  to  yield  a  perfectly  transmitting  area  in  the  duplicate 
(c'  =  m'  =  •/  =  0),  the  log  exposure,  or  speed  constants,  must  be  zero. 

\\  ith  these  various  restrictions,  the  equivalent  neutral  densities,  d , 
m',  and  y,  of  the  dyes  of  the  duplicate  must  be  proportional  to  the 
exposure  densities,  Dr,  Dy,  and  Db,  or 

c'  ~  k\Dr  m'  =  koDs  /  =  ksDb  (15 -U) 

These  equations  represent  linear  H  &  D  curves  of  the  duplicating 
process  with  gammas  given  by  ku  k2,  and  k3.  For  a  dye  patch  which 
is  neutral  with  a  luminous  density  of  n,  it  follows  by  definition  that 
c  =  m  =  y  =  n.  Substituting  n  in  equations  15* \a  for  c,  m,  and  y, 
these  equations  become 

Dr  =  0.908«  Dg  =  0.996m  Db  =  1.017»  (15- lc) 

If  this  neutral  is  to  be  exactly  reproduced,  it  is  necessary  that  d  =  m'  = 
y  —  n.  Values  of  the  k's  in  equations  15Tb  which  will  fulfill  this 
condition  are  found  as  follows: 


c'  = - Dr  =  1.101Dr  m' 

0.908 


1 

- A 

0.996 


1 .004 Z)g 


y  = - Db  =  0.983  Db  (15- lz/) 

1.017 

The  values  of  D,,  Dy,  and  Db,  obtained  from  the  original  photograph, 
are  given  in  equations  15Td  in  terms  of  c,  m,  and  y.  The  equations 
relating  the  amounts  of  the  dyes  in  the  reproduction  to  those  in  the 
original  can,  therefore,  be  found  by  substituting  the  quantities  on  the 
right  in  equations  15-la  for  Dr,  D,„  and  Dh  in  equations  15-1  d.  The 
results  are 

c'  =  0.956r  +  0.019  m  +  0.025j 
m'  =  0.1 65c  +  0.690;m  +  0.1 46y  (15- k) 


y’  =  0.1 79r  +  0.206;»  +  0.61 4y 

Exact  reproduction  would  take  place  only  if  d  =  c,  m'  =  m,  and  y' 
that  is,  if  the  coefficients  of  c  in  the  first  equation,  of  m  in  the  second 
equation,  and  of  y  in  the  third  equation  were  each  equal  to  1.00,  and 

if  all  the  other  coefficients  were  zero. 

It  is  evident  that  equations  15-le  do  not  correspond  at  all  well  to 
this  ideal  relationship.  A  unit  concentration  of  magenta  dye  m  the 
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original  gives  only  0.690  as  much  magenta  dye  in  the  reproduction, 
and,  in  addition,  this  is  contaminated  with  0.206  unit  of  yellow  dye 
and  a  small  amount,  0.019  unit,  of  cyan  dye.  Similarly,  the  amount 
of  yellow  dye  in  the  duplicate  is  much  influenced  by  the  amount  ot 
cyan  dye  in  the  original,  and  the  magenta  dye  is  only  slightly  less 
dependent  upon  the  amount  of  yellow  dye.  The  cyan  dye  is  the  only 
dye  in  the  reproduction  which  is  relatively  independent  of  the  concen¬ 
trations  of  the  other  dyes  in  the  original. 

Figure  15-2  gives  the  chromaticity  points  corresponding  to  various 
concentrations,  singly  and  in  pairs,  of  the  pure  dyes  of  the  system  (solid 
dots)  and  their  reproductions  (small  circles)  by  the  duplicating  process 
just  described.  The  equivalent  neutral  densities  of  the  dyes  in  the 
originals  are  given  beside  each  pair  of  points.  The  accompanying  table 
gives  the  luminous  transmittances  for  each  of  the  originals  and  its 
reproduction. 

A  study  of  the  figure  indicates  that  there  are  considerable  losses  in 
excitation  purity  in  the  reproductions  of  all  colors  except  the  cyans.  In 
addition,  there  are  changes  in  dominant  wavelength,  particularly  for 
the  magentas,  yellows,  and  greens.  Despite  their  losses  in  purity,  the 
cyans  and  greens  are  also  darker  than  the  colors  from  which  they  were 
derived.  The  reds  are  reproduced  the  most  faithfully.  They  show 
only  slight  changes  in  dominant  wavelength.  rThey  are,  however, 
lighter  in  the  reproduction  than  in  the  original,  although  for  equal 
purities  the  reds  are  slightly  darker  in  the  reproduction. 

As  a  generalization  of  what  has  already  been  illustrated  by  means 
of  the  example,  the  equations  for  direct  duplication  can  be  written  as 

c'  =  giDr  m'  =  g2Ds  /  =  g3Db  (15-2  a) 

where  gu  g2,  and  g3  represent  the  three  gammas  of  the  process,  and 

Dr  —  #u  c  +  a\2m  +  «i3  y 

Dg  =  a-2\c  +  a22m  +  a23y  (15-  2^) 

Db  =  #z\c  +  a32m  -f-  «33 y 

For  proper  reproduction  of  the  neutral  scale,  the  three  gammas  of  the 
process,  gt,  g2,  and  g3,  are  given  by 

gi  =  l/(rtn  +  Cl\ 2  -|-  tf13) 

g2  =  l/(^2i  +  a 22  +  a23) 

£3  =  1/  («3i  +  a32  +  a33) 
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By  combining  equations  15-2a  and  15-26  the  equivalent  neutral  densi¬ 
ties  of  the  dyes  in  the  reproduction,  d,  m' ,  and  y ,  are  related  to  those 
of  the  original,  c,  in,  and  y,  as  follows: 


c'  =  (giau)c  +  (£1^12)^  +  (g\a\3)y 
m'  =  {g2a2\)c  +  {g2a22)m  +  ( g2a2$)y 


(\5-2d) 


/  =  Cg3«3iV  +  (g3a32)w  +  (gsa33)y 

From  any  set  of  known  numerical  values  of  the  various  as  it  is 
possible  to  predict  the  approximate  changes  which  will  be  introduced 
through  direct  duplication.  The  values  of  gi,  g2,  and  g3  will  usually 
differ  slightly  from  unity  because  the  neutral  of  the  dye  system,  being 
selective,  has  unequal  densities  in  the  three  wavelength  regions  chosen 
for  the  exposures.  The  as  are  the  densities  of  unit  amounts  of  the 
dyes,  in  terms  of  the  effective  exposures  for  the  duplicating  material. 
The  spectral  regions  of  greatest  absorption  are  red  for  the  cyan  dye, 
green  for  the  magenta  dye,  and  blue  for  the  yellow  dye,  and  so  the 
values  of  au,  a22,  and  a33,  corresponding  to  these  absorptions,  will  there¬ 
fore  exceed  the  values  of  the  other  as.  Frequently  their  values  will 
be  less  than  unity,  and  the  values  of  (gi <2n),  (g2a22),  and  {g^a33)  will 
always  be  less  than  unity.  This  means  that  a  given  amount  of  each 
dye  in  the  original  gives  rise  to  less  than  this  amount  of  the  correspond¬ 
ing  dye  in  the  reproduction.  In  most  practical  cases,  the  decrease  is 
greatest  for  the  yellow  dye  because  in  the  neutrals  of  most  dye  systems 
the  yellow  dye  has  a  lower  maximum  density  than  have  the  other  two 
dyes.  This  means  that  a33  is  smaller  than  an  or  a2 2.  The  reduction 
is  usually  least  for  the  cyan  dye. 

The  amount  of  each  dye  in  the  duplicate,  in  addition  to  being  de¬ 
pendent  upon  its  own  corresponding  dye  in  the  original,  depends  also 
upon  the  amounts  of  the  other  two  dyes  in  the  original.  This  is  true 
because  of  the  unwanted  absorptions  of  the  dyes,  or,  in  terms  of  the 
equations,  the  as  other  than  an,  a22,  and  a33  are  not  zero. 

The  numerous  possible  effects  on  the  colors  of  the  reproduction  can 
best  be  understood  by  considering  the  effects  of  each  of  the  absorptions 
separately.  These  are  summarized  in  the  table  of  Fig.  15-3  in  terms 
of  the  values  of  the  as  made  use  of  in  equation  15* 2d.  In  the  table 
it  is  assumed  that  gly  g2,  and  g3  are  very  nearly  equal  to  1.00.  By 
means  of  the  table  and  the  numerical  values  of  the  various  as  as  given 
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Figure  15*3  General  Reproduction  Equations 

Reproduction  equations  in  direct  duplicating  are  given  approximately  by: 

c'  =  a\\c  +  a\<im  a\^y 
m'  =  a<i.\c  +  ayim  -f  any 
y'  =  «3i  c  +  afa.ni  +  a%\y 


where  r,  m,  and  y  are  the  concentrations  of  the  dyes  in  the  original  and  c',  m' ,  and  y'  are 
their  concentrations  in  the  reproduction.  The  reproduction  gammas,  jji,  g2,  and  gi,  are 
all  assumed  to  be  equal  to  1.  The  a’s  represent: 


a\\\  red  absorption  of  cyan  dye  an:  red  absorption  of  magenta  dye 

7?2i:  green  absorption  of  cyan  dye  <722’-  green  absorption  of  magenta  dye 

<731:  blue  absorption  of  cyan  dye  <732'.  blue  absorption  of  magenta  dye 

«i3:  red  absorption  of  yellow  dye 
*723'-  green  absorption  of  yellow  dye 
<733:  blue  absorption  of  yellow  dye 


Color  in 
Original 
Cyans 


Magentas 


Specific  Reproduc¬ 
tion  Equations 
m  =  0,  y  =  0 
c'  =  a\\c 
m!  =  a<i\c 

y  =  «31  c 

c  =  0,J  =  0 

c'  =  anrn 
m'  =  a<i<im 
_y'  =  a->am 


Yellows  c  =  0,  m  =  0 
c'  =  any 
m'  =  any 
y'  =  «33jy 

Reds  c  =  0,m  =y 

c'  =  an.m  +  <7i3.y 
m'  =  <722777  +  <723_y 

y'  =  <732777  +  <733^ 


Greens  m  =  0,  c  =  y 

c'  =  <7llC  +  <713^ 
m  =  <72lf  +  <723 y 
y'  =  anc  +  <733^ 


Effects  of  Absorptions  Corresponding  to  Various 
Parameters 

an .  Lightens  and  desaturates,  according  to  amount  by 
which  a\\  <  1 

an'  Darkens  and  desaturates;  — »  blue  if  <721  >  <731 
<731:  Darkens  and  desaturates;  — *  green  if  <731  >  <721 

an:  Darkens  and  desaturates;  — »  blue  if  <712  >  <732 
an:  Lightens  and  desaturates  according  to  amount  by 
which  an  <  1 

an:  Darkens  and  desaturates;  — >  red  if  <732  >  <212 

a\z:  Darkens  and  desaturates;  — *  green  if  an  >  an 
an:  Darkens  and  desaturates;  — >  red  if  <723  >  <713 
an:  Lightens  and  desaturates,  according  to  amount  by 
which  <733  <  1 


an  and  <713:  Darken  and  desaturate 
— >  magenta  if  <722  “h  <<23  >  <732  T  <733 
— >  yellow  if  an  +  an  >  <722  "I"  <723 


— *  cyan  if  an  +  <713  >  <731  +  <733 
(721  and  <723-  Darken  and  desaturate 
— »  yellow  if  an  +  <733  >  <7il  4  <*13 


Blues  _y  =  0,  c  =  m 

c'  =  <7U<T  4-  <712777  ->  cyan  if  an  +  <7 12  >  <*21  +  <722 

m'  =  <721<t  +  <722777  -7  magenta  if  <72i  +  <722  >  <*u  +  «12 

/  =  anc  +  <732777  <731  and  <732:  Darken  and  desaturate 

F.g.  15-3  Effects  of  various  exposure-light  absorptrons  of  dyes  in  original  on  repro 

duction  colors. 
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in  equations  15-la,  it  may  be  predicted  that  the  duplicating  process 
of  the  example  considered  will  give  the  following  color  distortions: 

Cyans:  darker  and  less  saturated;  -»  green  (slightly). 

Magentas:  less  saturated; ->  red  (strongly). 

Yellows:  less  saturated;  -»  orange. 

Reds:  slightly  lighter  and  less  saturated;  little  change  in  hue. 

Greens:  darker  and  less  saturated;  ->  cyan. 

Blues:  darker  and  less  saturated;  -»  cyan. 

These  effects  are  in  accordance  with  those  shown  in  Fig.  15*2. 

The  most  difficult  effects  to  analyze  are  those  in  connection  with 
the  luminous  transmittances  of  the  colors,  particularly  the  magentas 
and  yellows.  The  value  of  an,  corresponding  to  the  red  absorption 
of  the  cyan  dye,  is  only  slightly  less  than  unity  because  the  magenta 
and  yellow  dyes  have  relatively  little  absorptions  in  the  red  spectral 
region.  Because  of  the  relatively  high  absorptions  of  the  cyan  dye  in 
the  blue  and  green  spectral  regions,  the  values  of  cz2i  and  a3i  are  rela¬ 
tively  large.  Cyans  must,  therefore,  be  reproduced  as  colors  darker 
than  those  of  the  original.  The  yellow  dye  generally  has  a  lower  peak 
absorption  than  have  the  other  dyes,  and  therefore  u33  is  smaller  than 
du  or  u22.  Also,  the  red  absorption  of  the  yellow  dye  is  usually  low, 
so  that  a13  will  be  small,  and,  therefore,  the  yellow  of  the  reproduction 
will  be  contaminated  with  little  cyan  dye.  The  green  absorption  of 
the  yellow  dye  is  sometimes  somewhat  greater,  however,  giving  a  larger 
value  of  d23  and  more  magenta  dye  in  the  yellows.  The  magenta  dye 
absorbs  in  the  part  of  the  spectrum  having  the  highest  luminosity, 
and  therefore  this  darkening  effect  may  offset  the  lightening  effect  due 
to  the  decreased  amount  of  yellow  dye.  For  the  magentas,  the  value 
of  d22  is  apt  to  be  larger  than  the  d33  for  the  yellow,  and  al2  and  a32 
are  apt  to  be  larger  than  al3  and  d23.  Thus,  even  though  there  is  a 
greater  contamination  with  the  other  dyes,  the  loss  of  magenta  dye, 
which  more  markedly  controls  the  luminous  transmittance,  may  result 
in  a  lightening  of  the  reproductions  of  magenta  colors.  For  the  example 
illustrated  in  Fig.  15-2,  the  magentas  are  reproduced  as  lighter  colors 
than  in  the  original,  whereas  the  yellows  are  darker. 

EFFECTS  OF  BROADENING  THE  EXPOSURE 
SENSITIVITIES 

I- or  purposes  of  analysis  and  discussion,  monochromatic  types  of 
exposure  are  simple  to  deal  with,  but  they  are  not  convenient  to  use 
m  actual  processes.  Consideration  will,  therefore,  be  given  to  the 
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effects  of  broadening  the  wavelength  regions  of  the  exposures,  thus 
more  nearly  simulating  the  sensitivity  distributions  used  in  practice. 

With  exposures  other  than  those  obtained  by  means  of  monochro¬ 
matic  light,  the  exposure  densities  are  not  linearly  related  to  the  amounts 
of  the  dyes  in  the  original  photograph.  For  high  precision  in  represen¬ 
tation,  therefore,  nonlinear  functions  must  be  used  to  indicate  these 
relationships.  Furthermore,  the  broader  exposure  regions  do  not  lead 


Fig.  15-4  Narrow-band  and  wideband  sensitivity  distributions. 


to  separations  in  the  densities  as  great  as  those  found  with  proper  y 
chosen  monochromatic  exposures.  Therefore,  each  exposure  density 
becomes  less  a  function  of  the  principal  dye  which  controls  it,  and 
more  a  function  of  the  other  two.  As  a  result,  the  departures  from 
exact  reproduction  in  the  duplicate  will  be  increased. 

The  order  of  magnitude  of  the  effects  can  be  illustrated  by  making 
use  of  the  two  sets  of  sensitivity  distributions  shown  in  b  ig.  5  ■  • 
These  two  sets  will  be  referred  to  as  the  “narrow-band  sensitivities 
and  the  “wideband  sensitivities.”  They  have  been  balanced  so  that 
all  the  integrated  areas  under  the  curves,  weighted  by  the  distributio 
of  CIE  Illuminant  C,  are  ecpial  to  each  other.  Each  sensitivity  distri¬ 
bution  has  a  peak  of  sensitivity  at  the  same  wavelength  as  the 
sponding  monochromatic  exposure  used  earlier.  of 

In  order  to  determine  the  exposure  densities  Dr,  g, 
various  amounts  of  tire  dyes,  individually  and  in  vanous  combination: , 

554 


the  chosen  sensitivity  distributions,  the  usual  numerical 
nation  can  be  employed.  The  values  of  Dr,  D g,  and  & 


of  the  original  as 


Narrow-band: 

Dr  =  0.8 SSc  +  0.020w  +  0.023y  -  0.001c2  +  0.001/ 

-  0.00 Icy  +  O.OOlmy 

l)g  =  0.182c  +  0.651m  +  0.1 66y  -  0.002c2  -  0.003m2  (15  -3a) 

-  0.007/  +  0.001cm  +  0.007cy  +  0.005 my 

Db  =  0.179c  +  0.226m  -f  0.610_y  -  0.001m2  -f  0.001cm 

Widc-band: 

Dr  =  0.855c  -f  0.035m  +  0.023j-  -  0.002c2  -  0.002m2 

Dg  =  0.218c  +  0.582m  +  0.20 Ay  -  0.013c2  -  0.015m2 

-  0.030/  +  0.005cm  +  0.024cy  +  0.014 my  (15*3^) 

•  Db  =  0.176c  +  0.255m  +  0.572 y  -  0.007m2  -  0.005/ 

+  0.002cm  —  0.001  cy  +  0.004mjy 

All  coefficients  smaller  than  0.001  have  been  omitted.  The  largest 
coefficient  (in  absolute  magnitude)  for  any  of  the  quadratic  terms  for 
the  narrow-band  exposures  is  0.007.  This  is  considerably  smaller  than 
the  coefficients  for  the  linear  terms.  Even  for  the  wide-band  exposures, 
the  largest  coefficient  of  a  quadratic  term  is  only  0.030.  This  indicates 
that  the  densities  are  reasonably  linear  and  additive,  and  that  the 
relationships  between  exposure  densities  and  dye  concentrations  can  be 
satisfactorily  approximated  by  the  linear  terms  of  the  equations. 

Equations  giving  the  equivalent  neutral  densities  of  the  dyes  in  the 
duplicate  as  functions  of  those  in  the  original  can  be  obtained  by 
applying  equations  15-2 a  to  the  linear  terms  of  equations  15-3d  and 
15- 3b.  These  are  given  in  Fig.  15-5.  Also  included,  for  comparison, 
are  the  results  using  the  monochromatic  exposures  as  given  by  equations 
15*le. 

It  will  be  recalled  that  exact  reproduction  takes  place  if  the  amounts 
of  cyan,  magenta,  and  yellow  dyes  in  any  small  area  of  the  reproduction 


*  The  series  illustrated  here  includes  the  linear  and  quadratic  terms  of  the  Mac 
launn  s  senes.  The  development  of  such  a  series  is  described  in  books  on  differential 


calculus. 
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are  equal,  respectively,  to  the  amounts  of  cyan,  magenta,  and  yellow 
dyes  in  the  corresponding  area  of  the  original,  or  if,  in  a  set  of  coef¬ 
ficients,  such  as  those  illustrated  in  Fig.  15-5,  the  diagonal  numbers 
(from  top  left  to  lower  right)  are  equal  to  unity,  and  all  the  other 
numbers  are  zero.  Generally  speaking,  the  greater  the  departures  from 
this  condition,  the  greater  are  the  differences  between  the  duplicate 
and  the  original.  Comparisons  of  the  corresponding  terms  in  the  three 
tabulated  sets  of  numbers  in  Fig.  15-5  indicate  that  in  going  from 

Figure  15-5 

Monochromatic:  c'  =  0.956c  0.019w  +  0.025v 

m'  —  0. 165c  +  0.690?«  +  0. 1 46jy 
/  =  0. 179c  +  0 . 206m  +  0.614y 

N arrow-band:  c'  —  0.952c  0.022w  -f-  0.026_y 

m'  =  0.182c  +  0.652w  +  0.l66y 
/  =  0. 176c  +  0.223  m  +  0.601_v 

Wide-band:  c'  =  0.936c  +  0.038/w  +  0.025v 

m'  =  0.217  c  +  0.580w  +  0.203y 
/  =  0.175c  +  0.254m  +  0.57 0  y 

Fig.  15-5  Equations  relating  the  amounts  of  cyan,  magenta,  and  yellow  dyes  in 
the  duplicate  to  those  in  the  original,  for  three  types  of  sensitivity  distributions. 

monochromatic  to  narrow-band  sensitivity  distributions,  and  on  to  wide¬ 
band  sensitivity  distributions,  all  the  principal  diagonal  elements  become 
smaller  and  the  absolute  magnitudes  of  most  of  the  remaining  numbers 
become  larger.  The  changes,  in  general,  however,  are  not  great.  In 
summary,  it  can  be  stated  that  increases  in  band  widths  for  the  sensi¬ 
tivity  distributions  increase  the  departures  from  exact  reproduction  but 
that,  over  the  range  of  band  widths  illustrated  here,  the  differences 

are  not  great. 


EFFECTS  DUE  TO  INCREASE  IN  GAMMA 

One  means  whereby  the  purities  or  saturations  of  the  reproduction 
colors  may  be  increased  is  increasing  the  gammas  of  the  II  &  D  curves. 
This  method  of  correction  is  one  often  employed  in  practice.  Usually, 
however,  the  improvements  in  purity  are  accompanied  by  less  satis¬ 
factory  reproductions  of  luminous  transmittances  and  dominant  wave- 

In  Fig.  15-6  are  shown  the  chromaticity  plots  of  a  number  of  original 
colors  and  their  reproductions  by  direct  duplicating  with  monochromatic 
exposures  and  straight-line  II  &  D  curves  with  gammas  of  about  1.6. 
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Equivalent 
Neutral  Density 
c  =  0.6 
c  =  1.6 
c  =  3.0 
m  =0.6 
m  =  1 . 6 
m  =3.0 
y  =  0.6 
y  =  1.6 
y  =  3.0 

c  =  tn  =0.6 
c  =  m  —  1.6 
c  =  m  =  3.0 
c  =  y  =  0.6 
c  =  y  =  1 .6 
c  =  y  =  3.0 
m  =  y  =0.6 
m  =  y  =  1.6 
w  =  y  =  3.0 


Original 
Luminous 
Transmittance 
0.637 
.345 
.171 
.501 
.184 
.067 
.857 
.  699 
.  550 
.303 
.046 
.005 
.530 
.203 
.060 
.431 
.137 
.047 


Reproduction 

Luminous 

Transmittance 

0.395 

.103 

.019 

.436 
.  133 
.041 
.712 
.429 
.231 

.150 
.008 
.000 
.269 
.034 
.002 
.319 
.072 
.018 


.018 

He.  15-6  Chromaticity  plots  of  dye  combinations  in  the  original  (solid  dots)  and 
r  reproductions  by  direct  duplicating  (small  circles)  with  monochromatic  ex¬ 
posures  and  reproduction  gammas  of  about  1.6. 
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The  exact  gammas,  varied  slightly  so  that  the  neutral  scale  would  be 
reproduced  as  a  neutral  scale,  are  gi  =  1.762,  g>  =  1.606,  and  g;J  =  1.573. 
In  comparing  Fig.  15-6  with  Fig.  15-2,  in  which  gammas  of  about  1.0 
were  used,  it  is  seen  that  the  higher  gammas  markedly  affect  the  excita¬ 
tion  purities,  the  distances  from  the  illuminant  point  to  each  repro¬ 
duction  color  being  much  greater  than  for  unit  gamma  reproduction, 
and  in  some  cases  greater  than  for  the  original  color. 

The  departures  in  dominant  wavelength  are  similar  in  direction  in 
the  two  figures,  but  of  greater  magnitude  for  the  higher  gammas. 
As  seen  in  the  table  of  luminous  transmittances,  the  higher  gamma 
always  results  in  darker  colors,  and  luminance  differences  among  colors 
are  increased.  As  indicated  in  Chapter  XIV,  a  speed  shift  for  the 
II  &  D  curves  could  be  applied  to  lighten  all  the  colors,  but  the 
luminance  differences  among  the  colors,  or  contrast,  of  the  higher- 
gamma  process  would  still  be  greater. 


Duplicating  Theory 


The  reproduction  errors  obtained  with  certain  types  of  duplicating 
procedures  have  now  been  considered.  These  procedures  have  the 
common  feature  that  the  cyan  dye  in  the  duplicate  is  controlled  solely 
by  the  red-light  exposure,  the  magenta  dye  by  the  green-light  exposure, 
and  the  yellow  dye  by  the  blue-light  exposure.  For  dye  sets  of  the 
type  illustrated,  and  for  any  set  similar  to  those  found  in  practical 
color  photography,  such  a  process  results  in  a  duplicate  in  which  the 
colors  differ  markedly  from  those  in  the  original  in  purity,  dominant 
wavelength,  and  luminance.  It  can  be  shown,  however,  that  much 
closer  approximations  to  exact  reproduction  are  possible,  provided  that 
the  process  is  modified  in  such  a  way  that  the  amount  of  cyan  dye 
in  any  small  area  of  the  reproduction  depends  upon  the  green-  and 
blue-light  exposures,  as  well  as  the  red,  and  that  the  magenta  and 
yellow  dyes  are  also  each  properly  controlled  as  functions  of  all  three 


in  practical  color  photography,  the  photographic  emulsions  used  do 
not  have  linear  H  &  D  curves  (except  in  restricted  regions)  and  exact 
tone  reproduction  cannot  be  achieved  in  a  duplicating  process.  Simi- 
fal  exact  color  reproduction  cannot  be  achieved.  A  mathematical 
analysis  of  the  requirements  for  exact  color  reproduction  with  nonlinear 
H  &  D  curves  would  be  exceedingly  cumbersome.  1  lowever,  the  assump¬ 
tion  of  linear  characteristics  leads  to  a  simple  analysis  and  is  qr 
useful  in  establishing  the  requirements  for  exact  duplication. 


section,  therefore,  attention  will  be  limited  to  processes  m  which  the 
amounts  of  the  dyes  in  any  area  of  the  duplicate  are  assumed  to  be 
linearly  related  to  each  of  the  particular  exposure  densities  which  control 

them. 

ONE-SI'AGE  DUPLICATING 

In  one-stage  duplicating,  the  duplicate  will  be  assumed  to  be  made 
by  a  monopack,  reversal  process,  and  by  means  of  direct  exposures  from 
the  original.  The  case  to  be  considered  first  is  that  in  which  mono¬ 
chromatic  exposures  are  used,  with  straight-line  H  &  D  curves. 

As  given  in  equations  15- 2b,  the  exposure  densities  Dr,  Dg,  and  Db 
for  monochromatic  exposures  from  a  small  area  in  the  film  having 
equivalent  neutral  densities  of  c,  m,  and  y  are  given  by 

Dr  =  #n  C  +  a\2m  4“  ^13jV 

Dg  =  (l2\c  4”  a22m  T  #23 y  (15  •  4^) 

Db  =  #3lC  4~  #32;w  T  #33jy 

These  equations  are  in  such  a  form  that,  if,  for  any  area  of  the  original 
photograph,  the  values  of  c,  rn,  and  y  are  known,  then  the  values  of 
Dr,  Dg,  and  Db  can  be  calculated,  making  use  of  the  known  values  of 
the  constants,  du,  a12,  and  so  on. 

It  is  also  true  that,  if  Dr,  Dg,  and  Db  have  been  directly  measured, 
or  are  known,  then  the  values  of  c,  m,  and  y  can  be  determined.  This 
is  true  in  general  because  equations  15-4#  can  be  solved  for  c,  m,  and  y 
in  terms  of  Dr,  Dg,  and  Db. 

If  the  duplicate  is  to  be  an  exact  reproduction  of  the  original  scene, 
then  the  values  of  o',  in',  and  y'  for  any  small  area  of  the  duplicate 
must  be  equal  to  c,  in,  and  y,  respectively,  of  the  original  for  the 
corresponding  area,  or 

e'  =  e  m'  =  m  y'  =  y  (15-4£) 

Substituting  these  in  equations  15*4#  and  solving  for  c',  in' ,  and  y' 
we  obtain 

c  =  gnDr  4-  £12 Dg  +  gisDb 
m'  =  g2iDr  4-  g22Dg  4-  £23 A>  (15- 4<r) 

y  —  gSlDr  +  g32Dg  4-  gzzDb 
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where 


£ll  =  l/^(rt22<*33  —  ^23^32)  <?12  =  —  1/A(rti2«33  —  ^13^32) 

#21  =  —  1/A(rt21^33  —  rt23^3l)  £22  =  l/^(rtllrt33  —  ^13«3l) 

£31  =  1  / A(«21<332  —  ^22^3l)  £32  =  —  1  /A(^i  1^32  ~  «12^3l) 

£13  =  1/A(#12rt23  —  ^]3fl22) 

£23  =  —  1/A(tfii«23  —  rt13rt2l)  (15-4<7) 

£33  =  l/^(rt11^22  —  a\2a2\) 


an 

^12 

a\?> 

a2\ 

a22 

^23 

^31 

aZ2 

#33 

Thus,  if  the  amount  of  cyan  dye,  c',  in  the  duplicate  can  be  made 
dependent  on  Dr,  Dg,  and  Db  to  the  degree  indicated  by  the  values 
of  gn,  gi2,  and  gi3,  and  the  amounts  of  in'  and  /  can  be  made  dependent 
on  Dr,  Dg,  and  Db  as  indicated  by  the  values  of  the  other  g’s,  they 
will  exactly  equal  the  values  of  c,  m,  and  y  in  the  original  and  an  exact 
duplicate  will  be  obtained.  Specific  methods  for  accomplishing  this 
result  will  be  discussed  in  later  paragraphs. 

Numerical  values  for  the  gs  for  monochromatic  exposures  with  the 
dye  set  of  Fig.  15  T  can  be  found  from  equations  15Td;  they  are  given 
in  the  following  equations: 

c'  =  \.\GSDr  -  0.01 7Dg  -  0. 039 Db 

m'  =  -0.222 Dr  +  1.572D,  -  0.357Db  (15-5) 

/  =  —0.265Dr  -  0.523D,  +  1.733D& 


duplicating  with  an  intermediate  stage 

In  practical  work  it  is  sometimes  desirable  to  carry  out  the  process 
of  duplicating  in  two  or  more  stages.  A  “master  duplicate''  may  be 
made  from  the  original,  and  from  this  is  made  the  final  duplicate,  or 
“second-generation  duplicate."  Alternately,  from  the  positive  original 
a  negative  might  be  made,  and  from  this  a  positive  destined  to  be  a 
duplfcate  of  the  original.  The  dye  sets  for  the  intermediate  master 
or  the  intermediate  negative  could  be  the  same  as  that  of  the  original, 
nr  thev  mieht  be  different. 

For  purposes  of  illustration,  suppose  that  the  final  duplicate  is  P> ^ 
duced  by  means  of  an  intermediate  master  dupheate  and  that  all  three 
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dye  sets  are  the  same  and  correspond  to  that  illustrated  in  Fig.  15*1. 
If  a  master  duplicate  which  has  straight-line  H  &  D  curves  with  gammas 
of  approximately  1.00,  adjusted  slightly  to  give  a  balanced  neutral  scale, 
is  assumed,  then  the  reproduction  equations  for  the  master  will  be 

identical  to  those  given  in  equations  15- Id. 

Assuming  that  monochromatic  exposures  Dr,  Dg,  and  Db  are  related 
to  the  dye  equivalent  neutral  densities,  c,  m,  and  y,  in  accordance  with 
equations  15 -la,  the  equations  which  give  the  equivalent  neutral  densi¬ 
ties,  c',  m',  and  y',  of  the  master  duplicate  as  functions  of  those  of  the 
original  c,  m,  and  y  will  therefore  be  the  same  as  those  of  equations 
15-le. 

The  final  duplicate  is  made  from  the  master  duplicate  in  the  second 
stage.  As  the  dye  sets  are  the  same,  the  reproduction  equations  will 
be  taken  the  same  as  those  already  given,  except  that  the  equivalent 
neutral  densities  of  the  dyes  of  the  final  duplicate  will  be  represented 
by  c",  m",  and  y"  and  the  exposure  densities  from  the  master  duplicate 
will  be  represented  by  D/,  D/,  and  Db.  The  equations  are 

c"  =  1.101ZV  m"  =  1.004ZY  /'  =  0.983 Db'  (15 -6a) 

As  the  dye  sets  are  the  same,  it  is  also  evident  that  the  exposure  densities, 
D/,  Dg,  and  Db,  from  the  master  duplicate  are  related  to  the  equivalent 
neutral  densities,  d,  m',  and  /,  of  this  master  by  means  of  the  same 
set  of  coefficients  used  in  equations  1ST  a,  or 


D/  =  0.868c'  +  0.01  lm'  -f  0.023/ 


Dg'  =  0.164c'  +  0.687;;?'  +  0.145/  (15-6^) 

Db'  =  0.182c'  +  0.210;;;'  +  0.625/ 

When  these  equations  for  D/,  D/,  and  Db'  are  substituted  into  equa¬ 
tions  15-6(2,  and  c',  m',  and  y'  are  replaced  by  the  quantities  equal  to 
them  as  given  by  equations  15-le,  equations  are  obtained  giving  c",  m", 
and  y  as  functions  of  c,  m,  and  y.  These  equations  are 


;;? 


=  0.921c  +  0.036;;;  +  0.042y 
=  0.298c  +  0.509;;;  +  0.195_y  (15 -6c) 

y  =  0.315c  T  0.271;;;  -)-  0.41  \y 

From  these  equations  it  is  evident  that  the  cyan  dye  of  the  final 
<  uphcate  is  even  less  a  function  of  the  cyan  dye  of  the  original  and  more 
dependent  upon  the  amounts  of  magenta  and  yellow  dyes  in  the  original 
un  was  true  for  one-stage  reproduction  (see  equations  15-le  p  5481 
Similarly,  the  magenta  dye  of  the  duplicate  is  less  a  function  of  the 
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original  magenta  dye,  and  the  yellow  dye  less  a  function  of  the  original 
yellow  dye.  Color  degradation  develops  in  two  stages,  not  just  one, 
and  the  effects  are  cumulative. 

The  general  equations  giving  the  equivalent  neutral  densities  of  the 
dyes  of  the  second-generation  duplicate  can  be  obtained  in  the  same 
manner  as  that  used  in  the  example.  This,  in  effect,  amounts  to  apply¬ 
ing  equations  1 5  *  2cZ  twice,  giving 

C"  =  (gl2au  +  g\g2a\2^2\  +  g\gZa  13^3lV 

+  (gl~a \\a\2  +  g\g2a\2a22  +  g\gZa\ZaZ2)m 

+  {g\2a\\a\Z  +  g\g2a\2a2Z  +  ^1^3^13rt33)v 

m"  —  {g\g2a\\a2\  +  g2a2\a22  +  g2gZa2ZaZ\)c 

+  {glg2a\2a2\  +  g2  a22  +  g2gZa2ZaZ2)m  (1  5  •  6d) 

+  {g\g2a\Za2\  +  g2a22a2Z  +  g2gz^23a3z)y 

y"  ~  (glgZa\laZ\  +  g2gZ<*2\aZ2  +  £32*31*33V 

+  (glgZal2#Zl  +  g2gZ^22^Z2  +  gz  ^Z2^ZZ)m 

2  2\ 

+  G?l£3*  13*31  +  £2|3*23*32  +  g3~a33~)y 


EXACT  REPRODUCTION  IN  TWO-STAGE  DUPLICATING 


In  the  case  of  a  single-stage  duplicate  it  was  found  that  exact  repro- 
duction  was  possible  provided  that  the  cyan,  magenta,  and  yellow  dyes 
of  the  duplicate  were  each  properly  controlled  as  linear  functions  of  a 
three  exposure  densities.  The  general  reproduction  equations  were  given 
as  equations  15-4 c  and  15-4 d.  For  the  dye  set  of  Fig.  15-1,  equations 


1 5  •  5  apply*  .  ,  c 

These  same  reproduction  equations,  if  applied  at  each  s  age  0  a 
two-stage  duplicating  process,  would  also  yield  exact  reproduction,  his 
is  obvious  from  the  fact  that  the  intermediate  or  master  duplicate  would 
be  an  exact  reproduction  of  the  original  and  that  ip  the  second  s  age 
the  intermediate  would  itself  be  exactly  reproduced. 

If  exact  reproduction  at  each  stage  is  to  be  obtained,  however,  _ 
evident  that  at  each  stage  the  amount  of  each  dye  formed  or  deposited 
in  each  small  area  of  the  photograph  must  be  properly  controlled  as 
a  function  of  all  three  exposure  densities,  the  red  the  green,  and  the 
blue  A  simpler  procedure  would  be  one  m  which  each  dye  was 
controlled  by  all  three  exposure  densities  in.  say,  the  first  staSe’ 
each  dye  in  the  second  stage  being  controlled  by  only  one  of  the 
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three  exposure  densities.  Equations  15 -4c  would  not  then  appl> 
the  first  stage  because,  in  effect,  the  photograph  obtained  as  the  inter- 
mediate  must  be  "over-corrected”  to  yield,  by  means  of  the  simp  er 
equations  in  the  second  stage,  the  proper  final  result. 

The  necessary  equations  may  be  found  as  follows.  The  exposure 
densities,  D„  D„  and  D,„  of  any  small  area  of  the  original  photograph 
in  terms  of  the  equivalent  neutral  densities,  c,  m,  and  y,  of  that  area 
are  identical  with  equations  1 5  *  2b,  or 


Dr  —  a\\C  a\2m  +  #\3y 

Dg  =  #21^  T  #22™  T  a23y  (15*7 a) 

Db  =  #3lc  +  #32™  +  a33y 

As  has  been  postulated,  the  equivalent  neutral  densities,  o',  in',  and  y', 
of  each  small  area  of  the  photograph  obtained  as  a  result  of  the  first 
stage  of  reproduction  will  each  be  linearly  related  to  the  three  exposure 
densities,  Dr,  Dff,  and  Db.  The  form  of  the  equations  will  be 


c'  =  hnDr  +  h\2^g  +  h\^Db 
m’  =  h2\Dr  +  ^22  Dg  -f-  ^23  Db  (15  -lb') 

y'  —  h-iiDr  +  ^32^7 g  T  h^Db 

rIhe  values  of  the  h’s  in  these  equations  will  depend  upon  the  values 
of  the  as  in  the  preceding  equation;  the  natures  of  these  functional 
relationships  are  yet  to  be  determined. 

It  is  assumed  that  the  dyes  of  the  intermediate  photograph  have  the 
same  spectral  absorption  characteristics  as  the  dyes  of  the  original 
photograph.  If  the  spectral  sensitivity  characteristics  of  the  final  photo¬ 
graphic  material  are  the  same  as  those  of  the  intermediate  and  the 
illuminant  is  the  same,  it  is  evident  that  the  exposure  density  of  each 
small  area  of  the  intermediate  will  be  related  to  the  equivalent  neutral 
densities  of  the  dyes  there,  as  the  exposure  densities  of  the  original  arc 
related  to  the  equivalent  neutral  densities  in  the  original.  Letting 
D/,  Dg\  and  Db  represent  the  exposure  densities  of  a  small  area  of 
the  intermediate,  this  means  that 


Dr'  —  #\\c'  T"  #\2m'  T  #\3 y' 


Dg  -  a2\c'  +  #22^'  +  rt23/  (15*  7r) 

Db  —  #3\C'  T  #32™'  +  #33y' 

The  equations  for  the  final  stage  are  obtained  bv  assuming  that  the 
equivalent  neutral  densities,  c'\  m",  and  of  each  small  area  of  the 
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final  photograph  are  equal,  respectively,  to  the  exposure  densities,  D/, 
D/,  and  IV,  of  the  corresponding  area  of  the  intermediate  photograph, 
or 

c"  =  Dr'  m"  =  Dg  y"  =  Db'  (15-7<7) 

Substitutions  of  the  quantities  equal  to  D/,  ID/,  and  D/  in  equations 
15 -7c  for  D/,  D/,  and  D/  in  equations  15-7(1  gives  c",  771",  and  y"  as 
functions  of  c7,  777',  and  y'.  Similar  substitutions  for  c7,  m',  and  y7  from 
equations  15-7 h  give  c77,  777",  and  y"  as  functions  of  Dr,  Dg,  and  Db. 
Finally,  substitutions  for  D,,  Dg,  and  Dh  from  equations  1 5  ■  7cz  give  c", 
777",  and  y"  as  functions  of  c,  777,  and  y.  These  equations  may  be 
written  in  the  form  of 

c"  =  q\\c  +  qX2m  +  qmy 

til"  =  ^21^  T  <?22;77  +  <723 jV  (15-7c) 


jy"  =  <73ic  +  <73  2 w  +  <73  3V 

where  each  of  the  c/’s  is  an  expression  in  the  as  and  Ji  s.  The  substi¬ 
tutions  are  easily  made,  but  the  results,  if  written  out  in  full,  are  rather 
lengthy.  For  example,  the  coefficient  corresponding  to  c/n  is  gi\cn  by 

qn  =  an2hn  +  (*11^12^21  +  (711(713^31  +  (711(721/712  +  al2a2l/i22 

+  (713(721^32  +  (711(731^13  +  (712(731^23  +  1^33  (15‘7/) 

Similar  expressions  correspond  to  each  of  the  other  q  s.  _ 

If  the  final  photograph  is  to  be  an  exact  reproduction  of  the  original 

photograph,  however,  it  is  necessary  that 

(W) 


c"  =  c 


m"  =  m 


y"  =  y 


This  means  that  q„,  qa,  and  </„  must  each  be  equal  to  1.00  and  that 
each  of  the  other  q's  be  equal  to  zero.  Application  of  this  requirement 
"  es  nine  equations  similar  to  equation  15  7/.  with  either  1  00  or  zero 
replacing  the  quantity,  q,„  on  the  left-hand  side  of  the  equation.  I  . 
assumed  that  the  a’s  are  known,  and  thus  nine  linear  equations  in  the 
nine  unknown  /,’ s  are  obtained.  Solution  of  these  equations  gives  repro- 

i  •  1  in  rme  shade  dive  complete  correction  for  two 
duction  equations  which,  in  one  stag  ,  g  I 

S^Shnplef 'expressions  for  the  h’s  can  be  obtained  if  the  g’s  given  by 
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equations  15*4 d  are  used  in  place  of  the  a  s.  These  expressions,  in 
replacing  the  ft’s  of  equations  15-7 ft,  give 

C'  =  (.fir'  +  gl2g21  +  gl3g3l)Dr 

+  (gllgl2  +  gl2g22  +  gl3g32)Dg 
+  (£ll£l3  +  gl2g23  +  g\3g33)Vb 
m'  =  {g2\gll  +  ^22^21  +  g23g3\)Vr 

+  (g2lgl2  +  £222  +  g23g32)Dg  (15-7A) 

+  Gr2l£l3  +  ^22^23  +  g23g33)Vb 
y'  =  (<g3l£ll  +  ^32^21  +  g33g3l)Dr 

+  Gr3l£l2  4"  ^32^22  +  g33g32)Dg 
+  Gr3l£l3  4"  JT32JT23  +  g33~)^b 

For  the  example  dye  set  (Fig.  1ST)  and  monochromatic  exposures 
already  illustrated,  exact  reproduction  in  two-stage  duplicating  will  be 
accomplished  if  the  color  reproduction  equations  for  the  intermediate 
are  given  by 

c'  =  1.368Dr  -  0.024Dg  -  0.108D6 

m'  =  -0.512D,  +  2.657 Dg  -  1.168D*  (15-7/) 

y'  =  —  0.649Z)r  -  1.727D,  4-  3.198D6 

1  he  reproduction  equations  for  the  final  stage  would  be  given  by  equa¬ 
tions  1 5  *  7c/. 


Masking 

Control  of  photographic  processes  to  obtain  results  approximating 
those  indicated  by  the  color  reproduction  equations  is  possible  by  means 
of  masking.  In  cases  where  separation  negatives  are  involved,  a  separate 
mask  may  be  used  for  each  of  the  corrections  required.  In  duplicating 
monopack  color  positives,  a  multicolored  mask  may  be  used,  or,  in 
cases  m  which  there  is  an  intermediate  color  photograph,  colored 

couplers  may  be  used  in  this  intermediate  to  take  care  of  all  the 
corrections. 


MASKING  SEPARATION  NEGATIVES 


In  considering  masking  for  a  process  involving  separation  negatives 
suppose  that  these  negatives  are  made  directly  from  a  monopack  coloi 


original  and  that  from  them,  with  the  necessary  masks  applied,  exposures 
are  to  be  given  the  final  duplicating  positive. 

The  general  forms  of  the  color  reproduction  equations  are  given  in 
equations  15 -4c  and  15-4 d.  If  the  dyes  correspond  to  those  of  Fig. 
15*1,  and  the  exposures  are  monochromatic  at  the  same  wavelengths 
shown  in  the  figure,  then  the  color  reproduction  equations  are  those 
of  15-5.  Briefly  outlined,  the  actual  steps  in  the  masked  duplicating 
procedure  are  as  follows: 


1.  Red,  green,  and  blue  exposures  are  made  from  the  original  to  yield  three  dif¬ 
ferent  negatives.  These  are  called  the  principal  negatives  and  are  distinguished  from 
each  other  by  calling  them,  respectively,  the  red  negative  (gn),  green  negative  (g22), 
and  blue  negative  (g33),  in  accordance  with  the  color  of  the  light  by  which  the  ex¬ 
posure  is  made. 

2.  Six  additional  negatives  or  positives,  called  masks,  are  made  by  exposures  from 
either  the  original  or  from  the  principal  negatives.  The  six  masks  will  be:  (1)  green 
mask  for  red  negative  (g12),  (2)  blue  mask  for  red  negative  (g13),  (3)  red  mask  for 
green  negative  (g21),  (4)  blue  mask  for  green  negative  (g23),  (5)  red  mask  for  blue 
negative  (g31),  and  (6)  green  mask  for  blue  negative  (g32)-  The  first  color  indicates 
the  color  of  the  exposure  light  by  which  it  is  made,  if  made  directly  from  the  origi¬ 
nal,  or  the  particular  separation  negative  from  which  it  is  made,  if  one  of  the  latter 
is  used.  The  second  color  designates  the  separation  negative  with  which  the  mask 
is  to  be  used.  Each  one  corresponds  to  a  factor  in  equations  15 -4c,  as  indicated  by 
the  particular  g  given  in  parentheses. 

3.  The  exposures  of  the  final  duplicating  material  are  made  from  combinations  of 
the  principal  negatives  and  the  masks.  The  green  and  blue  masks  for  the  red  nega¬ 
tive  are  placed  in  register  with  the  red  negative,  and  the  cyan  emulsion  of  the 
duplicate  is  exposed  through  the  combination.  In  a  similar  fashion,  the  magenta 
layer  is  exposed  through  a  combination  of  the  green  negative  and  the  red  and  ue 
masks  for  the  green  negative,  and  the  yellow  layer  is  exposed  through  a  combination 
of  the  blue  negative  and  the  red  and  green  masks  for  the  blue  negative. 


The  over-all  effective  gamma  of  each  separation  negative  and  each 
mask  as  it  affects  the  density  obtained  in  the  final  duplicating  material 
should  equal  the  value  of  its  corresponding  g  (equation  15-4d).  I'm 
example,  for  the  dyes  and  monochromatic  exposures  shown  in  1'ig. 
the  reproduction  equations  are  those  of  15  -5.  I  he  principal  blue 
separation  is  developed  to  a  gamma  of  1.733.  \  he  red  mask  or  use 

with  this  negative  must  have  a  gamma  of  0.265  and  must  be  opposi 
in  sign  to  the  principal  negative,  that  is,  must  be  a  positive.  It  could 
be  made  direclly  from  the  original,  using  red  light  exposures  by  a 
reversal  process  having  a  gamma  of  0.265,  by  a  negative-positive  process 
tolng  a  product  gamma  of  0.265,  or  from  the  red  separation  negativ  . 
Since  the  red  separation  negative  is  developed  to  a  gamma  of  1.16, 
the  positive  mafk  made  from  it  would  be  developed  to  a  gamma  of 

0.265/1.165  =  0.227. 
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In  a  similar  manner  all  the  separation  negatives  and  masks  may  be 
made  to  fulfill  the  conditions  established  by  equations  1 5  •  5.  *hcn> 
When  these  are  properly  printed  onto  the  final  color  fi ta .  and  * J 
developed  to  a  gamma  of  1 .00,  an  exact  duplicate  results.  If  the  gamma 
of  the  final  color  process  is  different  from  1.00,  all  the  values  of 
constants  in  equations  15-5  must  be  adjusted  by  dividing  by  the  value 

of  this  gamma. 


MASKING  THE  ORIGINAL 

If  the  masks  are  to  be  vised  with  the  original  rather  than  with  the 
separation  negatives,  the  same  color  reproduction  equations  may  be 
made  use  of  in  determining  the  gammas  of  the  masks  which  would 
be  necessary  in  combination  with  the  original  while  the  separation 
negatives  are  being  exposed.  In  the  numerical  example  the  blue 
separation  negative  is  to  be  developed  to  a  gamma  of  1.733.  If  masks 
are  used  with  the  original  when  this  separation  negative  is  exposed,  their 
effect  will  be  multiplied  by  this  factor.  The  negative  masks  used 
with  the  original  would,  therefore,  be  developed  to  a  gamma  of 
0.265/1.733  for  the  red-exposed  mask  and  0.523/1.733  for  the  green- 
exposed  mask.  The  green  separation  negative  would  be  developed  to 
a  gamma  of  1.572,  and  the  red  exposure  and  blue  exposure  negative 
masks  used  with  the  original  would  have  gammas  of  0.222/1.572  and 
0.357/1.572.  The  red  separation  negative  would  be  developed  to  a 
gamma  of  1.165,  and  the  green  and  blue  exposure  negative  masks  would 
have  gammas  of  0.017/1.165  and  0.039/1.165.  Because  of  their  small 
gammas,  it  is  evident  that  the  masks  associated  with  the  red  separation 
negative  exposure  have  little  effect  on  the  final  result. 

These  same  masks  could  be  used  in  making  a  direct  reversal  monopack 
duplicate  if  the  duplicating  process  had  the  gammas  for  the  cyan  image 
of  1.165,  for  the  magenta  of  1.572,  and  for  the  yellow  of  1.733.  In  this 
case,  the  red,  green,  and  blue  exposures  would  be  made  separately  with 
a  change  to  the  proper  masks  in  each  case  and  a  re-registration  of  the 
original  and  masks  with  the  partially  exposed  duplicating  film. 

The  duplicating  process  just  described  would  be  simplified  if  the  six 
masks  were  made  of  dye  images  and  incorporated  into  a  single  “colored 
masking  film.  The  red-light  mask  for  use  in  exposing  the  green  record 
has  a  gamma  of  0.222/1.572.  If  it  were  made  of  a  magenta  dye  so  that 
its  gamma  to  green  light  was  the  proper  value  and  its  gammas  to  blue 
and  red  light  were  essentially  zero,  it  could  be  left  in  register  with  the 
original  during  the  red  and  blue  exposures  without  having  any  effect. 
The  red-light  mask  for  use  during  the  exposure  of  the  blue  record  would 
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be  composed  of  a  yellow  dye  and  would  have  a  gamma  to  blue  light 
of  0.265/1.733  and  gammas  of  essentially  zero  to  red  and  green.  These 
two  mask  images  could  be  formed  in  a  single  red-sensitive  emulsion 
by  the  use  of  couplers  giving  the  proper  amounts  of  yellow  and  magenta 
dye  images  or  a  single  coupler  giving  the  proper  color. 

In  a  similar  manner  the  proper  color  of  the  images  required  in  the 
green-sensitive  and  the  blue-sensitive  emulsions  can  be  determined  from 
the  constants  involved  in  the  color  reproduction  equations.  These  could 
be  combined  in  a  single  three-layer  “colored  masking  film.” 


INTERMEDIATE  FILM  WITH  COLORED  COUPLERS 

It  was  shown  on  pp.  562-565  that  the  errors  occurring  in  duplicating 
in  two  stages  could  be  corrected  in  one  of  the  stages.  For  the  case 
in  which  all  the  corrections  are  incorporated  in  the  intermediate  stage, 
the  color  reproduction  equations  for  a  numerical  example  were  given 
in  equations  1 5* 7i.  These  were  as  follows: 

c'  =  1.368D,  -  0.024Dg  -  0.108£fi, 

m'  =  -0.512D,  +  2.651Dg  -  \A6SDb  (15 -  8^) 

/  =  -0.649A-  -  1.727Dg  +  3.198Db 

The  coefficients  in  the  equations  describe  the  characteristics  of  the 
intermediate  film  which  will  give  exact  duplication  if  the  final  process 
has  gammas  of  one  and  with  the  cyan  dye  controlled  by  the  red 
exposure  only,  the  magenta  dye  by  the  green  exposure  only,  and  the 

yellow  dye  by  the  blue  exposure  only. 

By  making  use  of  colored  couplers  in  the  intermediate  film,  the  same 
result  can  be  accomplished  even  if  in  both  the  intermediate  film  and 
the  final  process  the  cyan  dye  is  controlled  by  the  red  light  exposure 
only,  the  magenta  dye  by  the  green  light  exposure  only,  and  the  yellow 
dye  by  the  blue  exposure  only.  In  order  to  establish  the  characteristics 
of  the  colored  couplers  which  must  be  used  in  the  intermediate  film, 
it  is  convenient  to  assume  that  the  colored  couplers  must  compensate 
for  the  unwanted  absorptions  of  the  dyes  of  the  intermediate  and,  m 
addition  precorrect  for  the  unwanted  absorptions  of  the  final  stage 
of  the  duplicating  process.  The  required  precorrections  or  overcorrec¬ 
tions”  are  in  quantitative  agreement  with  the  requirements  of  a  single- 
stage  duplicating  process  as  given  on  p.  560  by  equations  •  . 

<•'  =  1.165Dr  -  0.01 7/9g  -  0.039A, 

;w'  =  _  0.222 Dr  +  1 .572Dg  -  0.357A, 
y  =  —  0.265Dr  —  0.523Z)*  +  1.733/);, 
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(15-  8^) 


If  the  final  process  is  to  have  the  characteristics 

c  =  Dr  m  =  Dg  y  =  Db  (15-8r) 

then  the  amounts  of  the  precorrections  introduced  by  the  various  colored 
couplers  must  equal  the  various  coefficients  m  equations  15-86. 

The  coefficients  of  Dr  in  the  three  equations  indicate  the  character¬ 
istics  which  the  image  in  the  red-sensitive  layer  of  the  intermediate 
film  must  have.  This  image  consists  of  the  cyan  dye  and  its  associated 
colored  coupler.  The  solid  curve  in  lrig-  15-7  has  the  same  relative 


Fig.  15-7  (a)  Cyan  dye  of  Fig.  15T  with  density  at  680  m/t  of  1.165;  ( b )  colored 
coupler  dye  associated  with  this  dye  designed  to  give  corrections  indicated  by  equa¬ 
tions  15-86. 


spectral  densities  as  the  cyan  dye  of  Fig.  15-1.  It  has  been  normalized 
to  have  a  density  of  1.165  at  680  m/A,  the  wavelength  at  which  the  red 
exposure  from  the  intermediate  is  assumed  to  be  made.  This  amount 
of  dye  is  taken  to  represent  the  maximum  which  can  be  formed  in  the 
example  process  being  discussed  and,  in  conformance  with  equations 
15-86,  represents  the  upper  limit  in  the  range  in  concentrations  of  the 
cyan  dye  as  the  exposure  densities  to  red  light  in  the  original  range 
between  0.0  and  1.0.  If  the  exposure  density  range  in  the  original 
were  to  be  extended  to  2.0,  or  possibly  3.0,  the  upper  limit  to  the 
concentration  of  the  cyan  dye  should  be  similarly  extended,  as  should 
the  density  ranges  of  the  cyan  coupler  to  be  discussed. 

Cyan  dye  in  its  full  concentration  exists  only  in  those  areas  of  the 
film  in  which  the  colored  coupler,  having  been  used  to  form  dye,  has 
no  absorption.  Where  no  cyan  dye  has  been  formed,  the  coupler 
exists  in  its  full  concentration.  The  spectral  absorption  characteristics 
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of  a  colored  coupler  which  would  satisfy  the  requirements  of  the  process 
illustrated  are  shown  by  the  dashed  curve  of  Fig.  15-7.  As  the  expo¬ 
sures  from  the  intermediate  are  assumed  to  be  made  at  the  wavelengths 
680  m /x,  580  ni/x,  and  450  m^,  only  the  absorptions  at  these  wave¬ 
lengths  are  critical.  No  correction  is  applied  to  the  cyan  dye  for  the 
red  exposure  at  680  m n,  and  so  the  density  of  the  colored  coupler  at 


Exposure  density  ( Dr )  original  photograph 

Fig.  15-8  Printing  densities  of  the  intermediate  in  a  duplicating  process  as  func¬ 
tions  of  red  light  exposure  density,  Dr,  of  the  original:  (d)  red-light  printing  density 
(680  mu);  ( b )  green-light  printing  density  (530  mu);  and  (c)  blue-light  printing 

density  (450  m/i). 


this  wavelength  should  be  zero.  At  530  the  coupler  should  have 
a  density  of  0.220  if  it  is  to  compensate  exactly  for  the  unwanted 
absorption  of  the  cyan  dye  at  this  wavelength.  Thus,  as  the  cyan  dvc 
builds  up  from  a  concentration  of  zero  to  the  maximum  concentration 
its  density  at  530  nv  increases  from  zero  to  0.220.  To  compensate 
for  this  increase  in  density,  the  density  of  the  coupler  at  this  same 
wavelength  should  decrease  from  0.220  to  0.0.  In  addition  to  com¬ 
pensating  for  the  increase  in  cyan  dye  density,  however,  the  coup  cr 
must  precorrect  for  the  final  stage  of  duplicating.  For  the  same  range 
of  concentrations  this  additional  correction,  at  530  m^  equals  th 
coefficient  of  Dr  in  the  equations  for  the  magenta  dye  (equa ions  15- 86), 
or  0.222.  At  full  concentration,  therefore,  the  colored  coupler  of 
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cvan  dye  should  have  a  total  density  at  530  of  0  220  plus  0.222, 
or  0.442.  Similarly,  at  450  m*  the  colored  coupler  of  the  cyan  dy 
when  present  in  its  full  concentration,  should  have  a  density  of  0.  4 

plus  0.265,  or  0.509.  ,  •  , 

The  functional  relationships  between  the  red,  green  and  blue  print 

ing  densities  of  the  cyan  dye  and  its  associated  colored  coupler  of  the 
intermediate  and  the  red-light  exposure  density  of  the  original  for  the 
example  process  are  shown  in  Fig.  15-8.  For  regions  of  exposure  m 
which  there  is  maximum  cyan  dye,  the  printing  densities  are  1.1 
in  the  red,  0.220  in  the  green,  and  0.244  in  the  blue.  The  rate  of 
decrease  in  red  printing  density,  per  unit  change  in  exposure  density, 
is  1.165.  The  rate  of  increase  in  density  of  the  green  and  blue  exposure 
densities  is  0.222  and  0.265.  These  values  represent  the  amounts  by 
which  the  increases  in  coupler  densities  exceed  the  decreases  in  cyan 


dye  densities. 

The  characteristics  of  the  colored  couplers  to  be  used  in  the  green- 
sensitive  and  blue-sensitive  layers  of  the  intermediate  film  can  be  simi¬ 
larly  determined  from  the  color  reproduction  equations. 


Partial  Application  of  the  Color  Reproduction  Equations 

The  employment  of  masks  in  actual  color  photographic  processes  is 
difficult  and  costly.  For  these  reasons,  the  number  used  in  any  given 
case  is  less  than  six,  the  total  number  which  has  been  indicated  in  the 
color  reproduction  equations.  In  separation-negative  processes  the  num¬ 
ber  is  usually  one  or,  at  most,  two.  For  colored-coupler  monopack 
processes  the  number  may  be  as  high  as  three  or  four.  In  some  other 
monopack  processes  a  single  silver  mask  is  used.  In  all  such  cases  the 
departures  from  exact  color  reproduction  are  greater  than  they  would 
be  if  all  the  benefits  of  six  masks  could  be  obtained.  Nevertheless, 
because  of  its  bearing  on  practical  photography,  a  knowledge  of  the 
general  nature  of  the  results  obtainable  by  various  partial  applications 
of  the  color  reproduction  equations  is  of  importance. 


EFFECTS  OF  INDIVIDUAL  MASKS 

The  general  form  of  the  linear  equations  expressing  the  exposure 
densities  as  functions  of  the  amounts  of  cyan,  magenta,  and  yellow  dye 
in  the  original  film  to  be  duplicated  was  given  by  equations  1 5  -  2b. 
A  set  of  numerical  values  for  a  particular  process  which  corresponds 
to  the  a’s  of  these  equations  was  given  in  equations  15  •  la.  The  specific 
numerical  values  in  this  example  do  not  apply  to  any  other  process, 
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but  their  relative  orders  of  magnitude  are  much  the  same  as  in  most 
color  processes.  Considering  the  as  of  equation  1 5 •  2b  in  terms  of 
these  numerical  values,  it  is  seen  that  an,  a22,  and  c/33  are  much  greater 
than  are  any  of  the  other  a’s.  This  is  true,  of  course,  because  the  cyan 
absorption  of  red  light,  the  magenta  absorption  of  green  light,  and 
the  yellow  absorption  of  blue  light  are  all  greater  than  any  of  the  other 
absorptions,  the  so-called  unwanted  absorptions,  of  these  dyes.  If  this 
fact  alone  is  made  use  of,  very  much  simplified  equations  derived 
from,  and  corresponding  to,  equations  1 5  -  4c/  (p.  560)  can  be  obtained. 
The  determinant  A,  for  example,  becomes  approximately  equal  to 
(dn)(  (1*22  )(d33).  All  the  other  terms  added  to  and  subtracted  from  this 
product  are  so  much  smaller  that  they  change  the  value  only  slightly. 
The  term  gn  is  then  given  by 


gn  ~  (#22^33  —  ^23^32)/^  11^22^33 

The  product  (do3)(d32),  however,  is  so  much  smaller  than  the  product 
(^22) (^33)  that  it  too  can  be  neglected  with  little  change  in  the  value  of 
gn.  Therefore 

gll  ~  « 22^33/^1 1^22^33  ~  ^  /  a\\ 

In  like  manner,  the  approximate  values  of  the  other  gs  can  be  found, 
and  are  given  by 


gn 

«  1/^11 

£l2  ~ 

—  ^12/^11^22 

£  13  ~ 

s  —  ^13/^11^33 

&2 1 

~  —  a2i/ana22 

£22  ~ 

1/^22 

£23  - 

-  —  ^23/^22^33 

£31 

~  — <«3lAll^33 

£32  ~ 

—  ^32/^22^33 

£33  « 

s  1/^33 

If  the  values  of  the  as  from  equations  15*lc/  are  substituted  in  equa¬ 
tions  15-9 a,  the  results  are  the  following  color  reproduction  equations: 

<•'  =  1.152/9,.  -  0.029/9 g  -  0.042D,, 

=  -0.275/),.  +  1.456i)£  -  0.338/),,  (15 -W 


/  =  -0.3357),  -  0.489/),.  +  L(MDb 

The  equations  which  would  give  exact  reproduction  for  tire  dye  set 
exposures,  and  duplicating  procedure  in  this  case  are  those  of 
(p  560)  The  difference  between  corresponding  terms  in  equate 
U  and  15-5  indicates  the  order  of  magnitude  of  the  errors  involved 
in  ushig  the  approximation  equations.  In  terms  of  the  extent  to  winch 

either  set  could  be  applied  to  practice,  these  diffe, *"«*  ^ry 

With  the  help  of  equations  15-9u,  it  is  possible  to  state  the  primary 

purpose  which  ePach  mask  serves.  For  example,  ft,  is  the  gamma  of 
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the  green  mask  applied  to  the  ted  negative  to  control  t he 
in  the  duplicate.  In  other  words,  g,s  corresponds  to  g 
for  the  cyan  printer.  As  is  evident  from  equations  15  9a,  12 

cnrnl  to  zero  g12  would  also  be  zero.  If  not  zero,  the  value  of  g,2  * 
roughly  proportional  to  a,,.  The  value  of  <r12  depends  upon  the  anroun 
of  red  absorption  of  the  magenta  dye.  From  these  facts  le 
the  following  six  numbered  statements  is  derived.  1  he  others  can 
obtained  in  a  like  fashion  by  considering  each  of  the  other  gammas 

in  turn. 

1.  The  unwanted  red-light  absorption  of  the  magenta  dye  is  corrected  for  by  ap¬ 
plying  a  green  light  mask  to  the  cyan  printer  (<112;  Si  2)-  ,  ,  , 

2.  The  unwanted  red  light  absorption  of  the  yellow  dye  is  corrected  for  by  app  y- 

ing  a  blue-light  mask  to  the  cyan  printer  (d13;  g13). 

3.  The  unwanted  green-light  absorption  of  the  cyan  dye  is  corrected  for  by  ap¬ 
plying  a  red-light  mask  to  the  magenta  printer  {a21;  g21). 

4.  The  unwanted  green-light  absorption  of  the  yellow  dye  is  corrected  for  by  ap 

plying  a  blue-light  mask  to  the  magenta  printer  (d23»  oo.a)- 

5.  The  unwanted  blue-light  absorption  of  the  cyan  dye  is  corrected  for  by  apply¬ 
ing  a  red-light  mask  to  the  yellow  printer  (d31;  §3  i )  • 

6.  The  unwanted  blue  light  absorption  of  the  magenta  dye  is  corrected  for  by  ap¬ 
plying  a  green-light  mask  to  the  yellow  printer  (d32;  £32)- 


These  six  statements  provide  a  simple  means  of  describing  the  pur¬ 
pose  of  each  of  the  six  masks  in  a  duplicating  process.  It  should,  of 
course,  be  remembered  that  they  cover  the  primary  effects  only.  The 
value  of  the  gamma  for  each  mask  depends  in  part  on  each  of  the  six 
unwanted  absorptions,  as  well  as  upon  the  other  three  major  absorp¬ 
tions.  In  almost  all  cases,  however,  a  sufficiently  precise  description  is 
given  by  the  approximation  formulas  and  the  above  statements. 


MAGNITUDE  OF  CORRECTION  AS  BASIS  FOR 
APP  L  YIN  G  INDIVIDUAL  MASKS 

Some  of  the  unwanted  absorptions  in  any  dye  set  are  greater  than 
others.  As  each  mask  corrects  largely  for  one  such  absorption,  this  fact 
provides  one  obvious  basis  for  choosing  among  various  possible  masks 
when  only  one  or  two  can  be  used.  Referring  again  to  equations  1 5  •  \a, 
it  is  seen  that  the  largest  value  of  any  of  the  unwanted  absorptions  is 
0.210,  corresponding  to  u3 2,  the  blue  absorption  of  the  magenta  dye. 
I  lie  mask  which  corrects  for  this  absorption  is  the  green-light  mask 
which  is  applied  to  the  yellow  printer  (g32).  As  seen  by  equations 
IT  5,  the  gamma  for  this  mask  is  larger  than  that  for  any  other.  For 
this  particular  dye  set  and  duplicating  system,  therefore,  it  would  appear 
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that  this  mask  is  among  the  most  important,  if  not  the  most  impor¬ 
tant,  of  the  six  that  might  be  used. 

Judged  on  the  basis  of  relative  magnitudes  of  the  gammas,  the  re¬ 
maining  masks  are,  in  order  of  importance,  the  blue-light  mask  for  the 
magenta  printer  (g33),  the  red-light  mask  for  the  yellow  printer  (g31), 
the  red-light  mask  for  the  magenta  printer  (g2 1),  and  finally,  the  two 
masks  for  the  cyan  printer  (g12,  g13).  The  gamma  values  for  these  last 
two  are  so  small  that  they  can  be  neglected  without  seriously  affecting 
the  reproduction  colors.  This  is  a  consequence,  of  course,  of  the  small 
red-light  absorptions  of  the  magenta  and  yellow  dyes. 

Actually,  the  variation  in  magnitude  among  the  four  gammas  of 
higher  value  is  not  great,  and  all  four  of  them  are  of  considerable  im¬ 
portance.  The  specific  values  will  vary  from  process  to  process,  al¬ 
though  usually  they  will  not  differ  greatly  from  those  given  in  the 
example.  Choices  as  to  which  among  the  four  are  most  important  will 
depend  upon  the  particular  process  and  upon  the  colors  to  be  repro¬ 
duced. 

MASKING  TO  IMPROVE  INDIVIDUAL  COLORS 

The  effects  of  absorptions  of  the  dyes  in  the  spectral  regions  of  the 
exposures  on  the  reproductions  of  certain  colors  in  the  duplicate  were 
listed  in  the  table  of  Fig.  15-  3.  On  p.  553  these  effects  were  summarized 
as  they  apply  to  the  particular  dye  set  used  in  the  examples.  The  chief 
effects  of  the  large  blue  absorption  of  the  magenta  dye  (d32)  are  to 
darken  and  desaturate  the  blues,  shift  magentas  toward  red,  and  de- 
saturate  yellows.  The  effect  of  a  green-light  mask  applied  to  the  yellow 
printer  (g32)  would  be  to  correct,  at  least  partially,  these  reproduction 
errors. 

The  effects  of  the  other  unwanted  absorptions  can  likewise  be  anal¬ 
yzed.  The  unwanted  blue  absorption  of  the  cyan  dye  (d3i)  darkens 
and  desaturates  the  blues  and  cyans.  The  green  absorption  of  the 
cyan  dye  (a21)  darkens  and  desaturates  the  greens  and  cyans.  The  green 
absorption  of  the  yellow  (<i23)  tends  to  darken  and  desaturate  the  greens, 
desaturate  the  magentas,  and  shift  the  yellows  toward  orange.  The 
corresponding  masks  applied  in  each  case  would  tend  to  correct  the 

specific  errors. 

On  the  basis  of  the  foregoing  considerations,  the  masks  necessary  to 
improve  particular  colors  can  easily  be  determined.  If  some  of  the 
objects  of  chief  interest  in  the  photograph  are  blue,  and  these  are  too 
dark  in  the  duplicate,  either  a  green-light  mask  or  a  red-light  mas  - 
applied  to  the  yellow  printer  (g32  or  g31)  should  help.  rl  he  formei 
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would  also  remove  yellow  from  magentas;  the  latter  would  remove 
yellow  from  cyans.  Greens  which  are  too  dark  can  be  made  lg  1  cr 
with  the  red  (or  blue)  mask  applied  to  the  magenta  printer  It  the 
yellows  tend  to  be  reproduced  as  too  orange,  a  blue-light  mask  on  the 
magenta  printer  will  give  some  correction.  Other  possible  corrections 
and  combinations  of  corrections  can  be  worked  out  from  a  knowle  ge 
of  the  errors  introduced  by  each  type  of  unwanted  absorption,  and 
from  a  knowledge  of  the  mask  which  corrects  for  it. 


neutral  masks 

A  neutral  mask  is  a  silver  image  mask  exposed  in  contact  with  the 
original  photograph  and  combined  in  register  with  it  in  making  the  sub¬ 
sequent  exposure  for  the  duplicate.  The  mask  is  ordinarily  a  negative. 
Usually,  the  film  used  in  making  the  mask  has  restricted  sensitivity,  so 
that  it  represents  a  record  of  the  lightness  or  darkness  of  only  a  limited 
spectral  region,  for  example,  the  blues  or  greens  rather  than  all  colors. 
Regardless  of  the  exposures  used  in  obtaining  it,  when  the  finished 
mask  is  bound  with  the  original  during  the  red,  green,  and  blue  expo¬ 
sures,  each  elemental  area  of  the  mask  affects  equally  the  different  colors 
of  the  exposure  light  passing  through  it  and  the  corresponding  area  of 
the  original.  This  type  of  silver  mask  is  often  referred  to  as  a  “bright¬ 
ness-correction”  mask.  The  mask  does  have  a  contrast-reducing  effect, 
but  only  in  the  sense  that  brightness  contrast  is  reduced;  color  satura¬ 
tions  are  not  affected.  The  amount  by  which  the  brightness  contrast 
is  reduced  depends  upon  the  gamma  of  the  mask  and  upon  the  particu¬ 
lar  colors  involved.  These  colors,  in  turn,  depend  upon  the  effective 
spectral  sensitivity  of  the  photographic  emulsion  used  in  preparing  the 
mask.  If  red  light,  a  red  filter,  or  a  film  sensitive  only  in  the  red  spectral 
region  is  used,  the  mask  will  be  a  negative  of  the  cyan  image.  Colors 
in  the  duplicate  which  contain  cyan  dye,  such  as  blues  or  greens,  will 
be  lightened  with  respect  to  colors  not  containing  cyan  dve. 

So  far  it  has  been  assumed  that  straight-line  H  &  D  curves  are  in¬ 
volved.  Real  H  &  D  curves  are  often  approximately  straight  over  a 
central  region.  In  all  cases  the  curves  change  rapidly  in  shape  in  the 
toe  and  shoulder  regions,  becoming  flatter  and  thereby  limiting  the 
latitude  of  the  film.  Suppose  that  for  a  duplicating  process  without 
masking  the  gammas  of  the  process  have  been  set  as  high  as  possible 
to  utilize  this  full  range.  A  single  neutral  mask  applied  to  the  original 
would  then  reduce  its  effective  contrast,  so  that  the  full  range  of  the 
process  would  no  longer  be  covered.  This  permits  a  certain  amount  of 
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increase  in  the  process  gammas;  enough,  so  that  the  range  is  again  fully 
utilized. 

As  has  already  been  pointed  out,  an  increase  in  gamma  serves  to  in¬ 
crease  color  saturations.  1  hus  neutral  masks,  along  with  increases  in 
process  gamma,  make  possible,  in  addition  to  relative  brightness 
changes,  lighter  colors,  higher  saturation,  or  some  combination  of  the 
two.  The  basis  on  which  these  results  are  achieved,  however,  should 
be  distinctly  understood.  Increases  in  saturation  come  only  from  in¬ 
creases  in  the  process  gammas.  Single  neutral  masks  serve  only  to  alter 
the  brightness  contrasts  but,  in  so  doing,  also  make  possible,  in  real 
processes,  changes  in  the  reproduction  gammas. 

FALSE-COLOR  SYSTEMS 

As  was  indicated  in  an  earlier  section  (see  p.  560),  in  two-stage  dupli¬ 
cating  (without  masking),  undesirable  effects  of  the  unwanted  absorp¬ 
tions  of  the  dyes  are  compounded  in  both  the  duplicating  stages,  giving 
a  final  reproduction  that  is  apt  to  be  most  unsatisfactory. 

The  final  photograph  in  a  two-stage  duplicating  process  may  be  im¬ 
proved  in  certain  respects  by  use  of  what  is  called  a  false-color  system. 
In  the  standard  system  the  red  light  from  the  original  is  used  to  expose 
the  cyan-forming  image,  the  green  light  for  the  magenta  image,  and  the 
blue  light  for  the  yellow  image.  In  the  false-color  system,  a  departure 
is  made  from  this  order.  The  red  light,  for  example,  may  be  used  to 
expose  the  magenta  or  yellow  dye-forming  portions  of  the  photograph, 
and  so  on.  On  rephotographing  to  give  the  second-stage  duplicate,  the 
color  arrangement  of  the  original  will  be  restored,  provided  that  each 
dye  image  is  controlled  by  the  proper  type  of  exposure. 

The  following  example  illustrates  a  false-color  system  in  which  the 
yellow  dye-forming  emulsion  is  sensitized  to  the  red-light  exposure  and 
the  cyan  dye-forming  emulsion  to  the  blue-light  exposure.  The  magenta 
dye  is  controlled,  as  normally,  by  the  green-light  exposure.  The  repro¬ 
duction  equations  for  the  first-stage  duplicate  is  given  by  (dyes  of  Fig. 
15*1) 

c'  =  0.179c  +  0.20 6m  +  0.614  v 
m'  =  0.165c  +  0.690w  +  0.146;-  (15-10*) 

/  =  0.956c  +  0.019m  +  0.025  v 

These  equations  are  identical  witli  those  of  equations  15-le  except  that 
the  equation  for  c’  is  interchanged  with  the  equation  for  v'. 

In  order  to  return  the  colors  to  their  proper  arrangement  in  the  hnal 
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stage,  it  is  necessary  again  to  make  the  yellow  dye  emulsion  sensitive 
to  the  red  light  and  the  cyan  dye  emulsion  sensitive  to  the  blue  light. 
The  equations  are  therefore  identical  with  15-10d,  except  that  c  , 
m"  and  /'  are  substituted  for  c',  in',  and  /,  and  c',  in',  and  /  for  c 
m,  and  y.  Solving,  then,  for  c",  in",  and  y"  as  functions  of  c,  m,  and 

y,  the  results  are 

c"  =  0.653 c  +  0.191  m  +  0.155_y 
m"  =  0.283c  +  0.51 3m  +  0.206 y  (15-10^) 

y"  =  0.198c  +  0.211  m  +  0.590y 

These  equations  indicate  that  the  departures  from  exact  color  repro¬ 
duction  will  still  be  fairly  sizable.  If  the  equation  for  y"  in  15-106  is 
compared  with  that  for  y"  in  1 5  *  6c  (p.  561),  however,  it  is  seen  that  the 
amount  of  yellow  dye  is  more  dependent  upon  the  amount  of  yellow 
dye  in  the  original,  and  less  upon  the  amounts  of  the  original  cyan 
and  magenta  dyes.  This  represents  an  improvement.  On  the  other 
hand,  the  cyan  image  in  this  particular  false-color  system  is  much  more 
a  function  of  the  original  magenta  and  yellow  dyes  than  it  was  in  the 
standard-type  process.  One  definite  feature  of  the  false-color  system 
is  that  it  has  tended  to  equalize  the  reproduction  errors.  Aside  from 
this  possible  advantage,  the  question  of  which  system  is  better  depends 
upon  the  type  of  reproduction  which  is  believed  to  be  more  desirable. 
Each  system  gives  better  reproduction  of  some  colors  than  does  the 
other. 

The  example  just  given  illustrates  one  of  the  five  possible  false-color 
systems  usable  in  two-stage  duplicating.  The  sequence  of  dyes  neces¬ 
sary  for  each  of  these  systems  is  given  in  the  table  of  Fig.  15-9.  In 
systems  2,  3,  and  4  of  this  table  two  of  the  dyes  are  interchanged  in 
the  first  stage  of  reproduction,  while  the  third  remains  the  same.  The 
final  duplicate  in  each  of  these  cases  is  related  to  the  intermediate  in 
the  same  manner  that  the  intermediate  is  related  to  the  original.  The 
last  two,  5  and  6,  illustrate  the  two  possible  systems  which  involve 
changes  among  all  three  of  the  dyes.  The  second  reproduction  stage 

of  5  is  identical  with  the  first  of  6,  and  the  second  of  6  is  identical 
with  the  first  of  5. 

Each  of  the  six  possible  systems  operates  differently  with  respect 
to  improvements  in  color  reproduction.  These  differences,  as  they 
apply  to  the  particular  dye  set  used  in  the  examples,  and  to  losses  in 
unnnancc  and  purity,  are  listed  in  the  right-hand  part  of  the  table 
Other  dye  systems  would  not  give  exactly  these  same  results,  but  the 
results  would  be  similar.  In  terms  of  keeping  the  color  reproduction 
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Figure  15-9 
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Fig.  15*9  Standard  system  and  false-color  systems  in  two  stage  duplicating.  Arrows 
indicate  the  sequence  of  dye  images  for  corresponding  emulsions  from  the  original 
through  the  two  successive  duplicating  stages.  Evaluation  of  the  relative  quality 
of  the  reproduced  colors  in  terms  of  purity  and  lightness  are  given  as  they  apply  to 
the  particular  dye  system  used  in  the  examples.  Departures  in  dominant  wave¬ 
length  of  the  reproduced  colors  are  not  taken  into  account. 


errors  at  a  minimum,  and  dividing  them  more  or  less  evenly  among 
the  various  possibilities,  system  3,  the  one  which  has  been  illustrated, 
appears  to  be  the  most  satisfactory. 


GAMMA  MANIPULATION 

One  other  device  which  may  be  resorted  to  in  order  to  improve  the 
results  of  two-stage  duplicating  is  gamma  manipulation.  This  method 
may  also  be  illustrated  with  the  dye  set  used  in  the  preceding  examples. 

Equations  15 -Id  gave  the  equivalent  neutral  densities  of  single-stage 
duplicating  as  functions  of  the  exposure  densities  from  the  original  as 

c'  =  1.101Dr  mf  =  1.004Dg  /  =  0.98 3Db  (15*11^) 
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Suppose  that  the  gamma  for  the  cyan  dye  is  reduced  by  one-half,  leav- 
ing  the  other  two  the  same;  then 

c'  =  0.551  Dr  m'  =  1.004D*  /  =  0.983D6  (15  *  11^) 

By  applying  equations  15-  la,  the  equations  relating  the  dye  concentra¬ 
tions  of  the  duplicate  to  those  of  the  original  will  be  obtained.  These 

arC  c'  =  0.478c  +  0.01  Off/  +  0.01 3jy 

m'  =  0.165c  +  0.690///  +  0.146y  (15- lie) 

/  =  0.179c  +  0.206///  +  0.614y 

The  photograph  so  produced  would  not  have  proper  color  contrast;  a 
neutral  scale  in  the  original  would  "be  reproduced  as  approximately  neu¬ 
tral  in  low  densities,  but  with  increasingly  greater  off-balance  in  the  red 
direction  at  higher  densities.  Correction  for  this  improper  color  bal¬ 
ance  can,  however,  be  made  in  the  final  process,  if  the  final  dye  con¬ 
centrations,  c",  m",  and  y",  have  the  following  gammas  with  respect 
to  the  exposure  densities  of  the  intermediate  stage: 

c"  =  2.106D/  m"  =  1.093D/  y"  =  1.080ZV  (15-1 1^/) 

The  exposure  densities  D/,  D/,  and  Db  will  be  related  to  c',  in',  and 
y'  in  the  same  manner  that  Dr,  Dy,  and  Db  are  related  to  c,  m,  and  y 
in  equations  15-  la.  The  relations  between  c',  m',  and  y'  and  c,  m, 
and  y  are  given  in  equations  15 Tic.  Making  use  of  all  these  equa¬ 
tions,  the  following  results  are  obtained: 

c"  =  0.888c  +  0.053ffz  -f  0.059y 

m"  =  0.238c  +  0.553;//  +  0.209v  (1 5  •  1  lc) 

y"  =  0.252c  +  0.298;;/  +  0.450j; 

These  equations  may  be  compared  with  those  of  equations  15 -6c, 
which  also  represent  two-stage  duplication,  but  without  gamma  manipu¬ 
lation.  The  coefficients  of  c  have  been  made  appreciably  smaller,  and 
the  coefficients  of  m  and  y  have  been  increased. 

The  example  given  illustrates  the  results  produced  by  but  one  major 
change  in  one  of  the  first-stage  gammas.  There  are,  of  course,  two 
other  gammas  which  might  be  individually  decreased,  as  well  as  three 
combinations  in  pairs  which  might  be  so  altered.  The  effects  due  to 

each  of  these  possibilities  can  be  determined  easily  but  will  not  be  dis¬ 
cussed  here. 

Of  the  various  possibilities,  a  reduction  of  the  gamma  in  developing 
the  cyan  image  of  the  intermediate  stage  (the  case  illustrated)  is  the 
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only  one  likely  to  give  appreciable  improvement.  The  reason  is  that 
the  red-light  exposure  from  the  intermediate  photograph  is  influenced 
to  only  a  slight  extent  by  the  amounts  of  magenta  and  yellow  dyes. 
These  d}cs  have  very  little  absorption  in  the  red.  Consequently,  a 
marked  increase  in  the  gamma  of  cyan  dye  as  a  function  of  red-light 
exposure  in  the  final  stage  does  not  seriously  increase  the  effects  which 
the  red  densities  of  the  magenta  and  yellow  dyes  contribute.  At  the 
same  time,  the  amount  of  unwanted  absorption  of  the  cyan  dye  is  re¬ 
duced  as  its  concentration  in  the  intermediate  stage  is  reduced,  an 
effect  which  is  beneficial. 

If  the  same  procedure  is  attempted  with  respect  to  the  yellow  dye, 
the  results  are  not  satisfactory.  In  this  case,  the  amount  of  blue  ab¬ 
sorption  in  the  intermediate  stage,  find  consequently  the  amount  of 
yellow  dye  in  the  final  image,  becomes  increasingly  dependent  upon 
the  amounts  of  cyan  and  magenta  dyes  in  the  intermediate  photo¬ 
graph.  As  this  type  of  effect  is  much  too  marked  already,  such  a  pro¬ 
cedure  is  much  more  harmful  than  helpful.  Similar  considerations 
indicate  that  the  gamma  for  the  magenta  dye  formation  in  the  inter¬ 
mediate  stage  should  not,  in  general,  be  reduced  with  respect  to  that 
of  the  cyan  or  yellow  dye. 

NEGATIVE -  POSITIVE  SYSTEMS 

Most  of  the  practical  cases  in  duplicating  are  those  in  which  a  posi¬ 
tive  reproduction  is  to  be  made  of  a  given  photograph,  of  the  same 
dye  system,  which  itself  is  a  positive.  The  original  photograph  is 
taken  as  the  standard  for  comparison,  rather  than  the  scene  from  which 
it  was  obtained.  The  term  duplicating  also  applies  equally  well,  of 
course,  if  the  original  is  a  negative  and  a  second  negative  duplicate  is  to 
be  made  of  this  original.  In  cither  case,  the  duplicate  can  be  made  in 
a  single  stage  by  a  reversal  process,  or  by  two  stages  in  a  negative-posi¬ 
tive  system. 

The  commonly  encountered  type  of  negative-positive  system,  how¬ 
ever,  is  one  in  which  the  camera  film  yields  a  negative  and  from  this, 
in  a  single  stage,  a  positive  is  made.  This  is  not  duplicating,  at  least 
as  the  term  has  been  defined  in  this  chapter.  The  greater  the  amount 
of  any  dye  in  the  negative,  the  smaller  should  be  the  amount  of  dye 
in  the  corresponding  area  of  the  positive.  This  is  opposite  to  the  rela¬ 
tionship  which  applies  between  a  duplicate  and  its  original. 

Aside  from  this  difference,  the  principles  which  apply  to  one  apply 
also  to  the  other.  If  the  effects  of  the  unwanted  absorptions  of  the  dyes 
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in  the  two  stages  are  considered,  a  positive  made  from  a  color  negative 
will  have  the  same  characteristics  as  an  unmasked  duplicate  made  rom 
an  original  positive.  The  unwanted  absorptions  of  the  dyes  in  the 
negative  have  identically  the  same  effects  as  the  unwanted  absorptions 
of  the  same  dyes  in  the  positive  original.  Masking  in  both  cases  can 
be  used  to  counteract  these  losses.  Furthermore,  the  specific  gammas, 
but  with  opposite  sign,  are  applicable  in  both  types  of  systems,  if  the 
dyes  and  spectral  exposure  regions  are  the  same. 

For  these  reasons,  conclusions  with  respect  to  the  conditions  re¬ 
quired  for  exact  reproduction  and  the  types  of  errors  involved  in  direct 
duplicating  are  essentially  the  same  for  negative-positive  systems  as 
for  positive-positive  or  negative-negative  systems.  Illustrations  of  this 
fact  will  not  be  given,  but  the  general  concept  will  be  useful  in  later 
chapters  in  dealing  with  other  aspects  of  the  problem  of  photographic 
reproduction. 

Generalized  Theory  of  Duplicating 

By  means  of  a  more  abstract  system  of  notation,  the  theory  of  dupli¬ 
cating  can  be  generalized  and  summarized  in  brief  form. 

In  the  original  photograph  there  will  be,  in  each  small  area,  a  par¬ 
ticular  amount  of  each  of  the  dyes  of  the  process.  The  amounts  of 
the  dyes  can  be  expressed  in  terms  of  their  actual  concentrations, 
equivalent  neutral  densities,  or  by  any  other  convenient  means.  If 
three  dyes  are  present,  their  amounts  could  be  represented  by  three 
quantities,  say,  cly  c2,  and  c3.  Actually,  there  may  be  more  than  three 
effective  dyes  in  some  photographic  systems.  This  fact  could  be  indi¬ 
cated  by  designating  the  amounts  of  the  dyes  by  (cu  c2,  c3,  •  •  • ), 
where  the  dots  merely  indicate  the  possibility  of  additional  specifica¬ 
tions. 

To  obtain  the  duplicate,  exposures  must  be  made  from  this  original. 
1  he  amounts  of  these  three  (or  possibly  more)  exposures  from  any  small 
area  of  the  photograph  may  be  expressed  by  means  of  any  convenient 
system  in  terms  of  three  (or  more)  numbers,  which  may  be  represented 
by  (ci,  <?2,  e3,  •••).  The  exposures  are,  of  course,  obtained  from  the 
original  photograph  and,  under  the  particular  set  of  exposing  conditions, 
vary  from  area  to  area  of  the  photograph  as  functions  of  the  amounts 
of  the  dyes  (cu  c2,  c3,  •  •  •).  Consequently,  the  two  sets  of  values  are 
related.  Any  set  (cx,  c2,  c3,  •  •  •)  defines  a  set  (eu  e2,  e3,  •  •  •).  Such  a 
relationship  can  be  represented  as: 

(A>  c3,  ■  •  — >  (eu  e2)  <?3>  •  •  •) 

Furthermore,  tire  relationship  itself,  which  may  also  be  called  a  trans- 
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formation,  can  be  given  a  name  or  a  symbol,  say  <I>.  A  convenient  form 
for  the  complete  representation  is  then  given  as: 


<j> 

(/l>  e2y  ^3)  '  *  '  )  <  (ci,  C2,  C3,  •  •  •)  (15  •  12 a) 

The  arrow  in  this  case  is  shown  directed  from  right  to  left.  Provided 
that  the  sequence  is  correct  with  respect  to  the  quantities  involved,  in 
this  case  from  dye  amounts  to  exposures,  this  order  does  not  matter. 
The  particular  direction  is  convenient  for  purposes  of  interpreting  the 
results  in  terms  of  matrix  algebra,  which  will  be  undertaken  later. 

The  exposure  conditions  under  which  e2,  c3,  •  •  •  are  derived  from 
C\,  Co,  c3,  •  •  •  will,  of  course,  influence  the  nature  of  the  relationship  <I>. 
Although  such  conditions  are  not  explicitly  described,  they  are  implied, 
and  any  change  in  them  may  result  in  a  change  in  the  form  of  the 
transformation. 

As  a  result  of  the  exposures,  and  of  the  normal  processing  through 
which  the  film  must  go,  dyes  are  formed  or  deposited  in  the  duplicate. 
The  amounts  of  these  dyes  in  any  small  area  can  be  expressed  in  any 
convenient  units,  such  as  (c/,  c2,  c3,  •••)  where  again  there  will  be 
three,  or  possibly  more,  components.  As  the  amounts  in  each  small 
area  are  functions  of  the  exposures  in  this  small  area,  a  second  cor¬ 
respondence  relationship  exists,  which  may  be  represented  by  the  sym¬ 
bol  r,  where 

(c\,  Co',  c3,  •••)<—  (ei,  e2,  e3,  •  •  •)  (15 •  12^) 

The  two  stages  in  the  operation,  given  by  equations  15-12d  and 
15-  12b,  follow  in  sequence  and  can  be  so  shown  as 


(d'}  c2'y  c3,  •  •  •)  (<?i,  c2,  e3,  •••)<“  (<T  c2,  c3,  •  •  •)  (15 •  12r) 

The  complete  transformation  is  signified  by  the  product  of  the  two 
correspondences  r<!>,  in  which  the  meaning  is  that  the  correspondence 
$  is  first  applied  and  to  the  result  the  correspondence  T  is  then  applied. 

For  a  duplicating  process  the  assumption  is  that  the  spectrophoto- 
metric  distributions  of  the  dyes  in  the  duplicate  are  the  same  as  those 
of  the  original.  Exact  reproduction  will,  therefore,  take  place  if  and 
only  if  the  amount  of  each  of  the  dyes  in  any  small  area  of  the  dupli¬ 
cate  is  equal  to  the  amount  of  the  same  dye  in  the  corresponding  small 
area  of  the  original  photograph.  If  this  is  true,  then  there  must  be, 
for  exact  reproduction,  an  identity  correspondence  1  relating  (c„  c2,  c3, 
•  •  •)  and  (c/,  c2,  c3,  •  •  •)>  °r 

fa',  fa',  fa'.  •••)  ^  ^,c2,c3,  ■■■)  (\S-\ld) 

By  the  correspondence  1  is  meant  that  each  element  within  the  paren- 
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theses  on  the  left  must  be  equal  to  the  corresponding  one  in  the  paten- 

If  both  the  correspondences  given  by  15-12c  and  15-  12d  are  to  hold, 
the  correspondences  must  be  related  to  each  other  as  follows . 

p<j>  =  /  (15  •  \  2e ) 

A  necessary  and  sufficient  condition  for  this  equation  is  that  r  be  the 
reciprocal  correspondence  to  <I>,  or  that 

r  =  <f>-1  (15-12/) 

By  4>_1  is  meant  that  for  each  set  of  values  (eh  <?2,  •  •  •)  there  is  deter¬ 

mined  a  set  of  values  (ci,  c2,  c3,  •  •  •),  or 

<{>“  1 

fo,  C2i  CZi  •  •  •  )  < -  (*1>  <?2>  <?3>  '  •  •)  (15*1  2^) 

Furthermore,  these  sets  of  values  must  be  related  to  each  other  in  the 
same  fashion,  although  in  the  reverse  order,  as  they  were  for  <I>. 

Equation  15-12/  represents  the  complete  solution  to  the  problem  of 
duplicating.  In  any  practical  situation,  however,  there  is  the  question 
whether  or  not  such  a  correspondence  relationship  exists  in  a  unique 
form  and,  if  it  does  exist,  whether  or  not  it  can  be  found  and  be  made 
use  of.  Practical  solutions  are  usually  only  rough  approximations. 

LINEAR  SOLUTIONS 

If  it  is  assumed  that  the  quantities  indicated  in  the  various  corre¬ 
spondences  for  duplicating  are  linearly  related,  then  simple  solutions 
are  readily  obtained.  Suppose,  for  example,  that  the  c£,  expressed  as 
equivalent  neutral  densities,  are  linearly  related  to  the  eiy  expressed  as 
exposure  densities.  Then 

Cj  y  'j  bjk,Ck  (15*  13  Cl) 

k 

The  matrix  B,  consisting  of  elements  bjk,  represents  the  transforma¬ 
tion  <t>. 

Similarly,  if  the  c{  are  linear  functions  of  ei?  or 

Ci  =  Z  &ikek  (15  - 13^) 

k 

then  the  matrix  G,  with  the  elements  g^,  represents  r. 

For  exact  colorimetric  reproduction  in  duplicating  it  is  evident  that 
any  c{  must  be  equal  to  the  corresponding  ciy  or 

Ci  =  Ci 
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(15- 13c) 


It  follows,  as  in  equation  15-12e,  that 

GB  =  I 


(15-13*/) 

I  his  relationship  will  hold  if  G  and  B  are  square  matrices  of  the  same 
order  and  if 

G  =  B~x  (15-13*) 

Methods  for  determining  or  at  least  approximating  the  values  of 
the  elements  of  the  matrix  B  have  been  discussed  earlier  in  the  chapter 
(see  pp.  546-547,  553-556). 

NONLINEAR  SOLUTIONS 

If  the  et  are  not  linear  functions  of  the  ciy  or  the  c(  not  linear  func¬ 
tions  of  the  e,-,  then  exact  solutions  for  the  equations  necessary  for 
colorimetric  reproduction  are  not  easily  obtainable.  Approximate  solu¬ 
tions  can  often  be  found,  however,  by  methods  somewhat  analogous 
to  those  made  use  of  for  linear  equations. 
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Copying  a  Color  Photograph 


CHAPTER  XVI 


THE  term  copying  designates  the  process  of  producing  a  color  pho¬ 
tograph  designed  to  be  a  reproduction  of  some  other  photograph 
when  the  dyes  of  the  two  photographic  systems  differ  from  each  other. 
The  first  photograph  is  called  the  original  and  its  reproduction  is  called 
the  copy.*  Often  the  copy  is  made  by  means  of  direct  photographic 
exposures  from  the  original  to  the  copying  material,  with  reversal  de¬ 
velopment.  In  other  cases  there  are  intervening  stages  with  separation 
negatives  or  other  color  photographs.  In  some  cases  the  original  may 
be  made  from  a  set  of  separation  negatives,  or  a  color  negative,  and  the 
copy  is  made  from  one  of  these  rather  than  from  the  finished  original. 
The  term  copying  applies  in  all  these  cases,  provided  only  that  the  dye 
systems  of  what  is  called  the  original  and  of  what  is  to  be  its  reproduc¬ 
tion  differ  from  each  other. 

Because  of  the  differences  in  the  two  dye  systems,  corresponding 
areas  in  the  original  and  its  copy  cannot  be  spectrophotometrically  the 
same.  Physical  matching  is,  therefore,  not  possible.  Colors  in  corre¬ 
sponding  areas  of  the  two  may  be  made  metameric,  however,  and  this 
establishes  the  condition  necessary  for  an  exact  visual  match  between 
the  original  and  its  copy.  As  the  colors  of  both  the  original  photo¬ 
graph  and  its  copy  are  derived  from  three-dye  systems,  there  is  but  one 
set  of  concentrations  for  the  dyes  in  each  system  corresponding  to  any 
given  color.  There  can  be,  therefore,  but  one  set  of  concentrations  of 
the  dyes  in  the  copy  which  will  be  metameric  to  any  given  set  of  con¬ 
centrations  in  the  original.  These  concentrations  for  any  given  color 


*  This  usage  of  the  term  copy  is  different  from  that  employed  in  the  graphic  arts 
industry,  where  copy  refers  to  the  subject  matter,  in  photographic  or  drawing 
form,  from  which  the  photomechanical  reproduction  is  to  be  made. 


in  the  two  systems  will,  in  general,  not  be  the  same,  but  it  is  evident 
that  there  must  be  a  unique  correspondence  between  the  two. 

The  conditions  of  metamerism  between  two  transmitting  or  reflect¬ 
ing  surfaces  implies  a  particular  illuminant  for  viewing  these  surfaces 
and  a  particular  set  of  color  sensitivity  distributions  for  the  observer. 
A  photographic  copy  can,  therefore,  in  general,  be  an  exact  visual  match 
of  its  original  only  under  a  particular  illumination  and  for  particular 
types  of  observers,  i.e.,  those  with  the  same  color-matching  character¬ 
istics.  To  simplify  the  discussion  of  the  theory  of  copying,  a  single 
type  of  illumination  will  be  assumed  throughout  most  of  the  present 
chapter,  that  from  CIE  Illuminant  C.  The  methods  discussed  would 
be  equally  applicable  to  any  other  type  of  illumination,  although  the 
specific  numerical  values  found  in  most  of  the  examples  would  be  dif¬ 
ferent.  A  single  type  of  observer,  the  CIE  standard  observer,  will  also 
be  assumed.  The  results  obtained  will,  therefore,  often  not  apply  to 
observers  differing  in  their  visual  responses  from  the  CIE  standard 
observer,  although  for  most  normal  observers  the  differences  should  not 
be  great. 


DIRECT  COPYING 

In  illustrating  the  types  of  reproduction  errors  encountered  in  pho- 
|-Qg^gptiiQ  copying,  the  original  dye  set  will  be  assumed  to  be  the  same 


Pig.  16-1  Assumed  dye  set  of  the  color  photographic  copying  material-dye  set  B 


as  that  used  in  the  preceding  chapter  on  duplicating.  The  spectropho- 
tometric  curves  of  the  three  dyes  of  this  set  were  given  in  Fig.  1W. 
The  dye  set  used  for  copying  will  he  that  illustrated  in  <ig. 


convenience  in  referring  to  the  two  dye  sets,  the  first  will  be  called 
dye  set  A,  and  the  second,  that  of  the  copying  material,  dye  set  B.  A 
chromaticity  grid  for  dye  set  A  was  given  in  Fig.  13-13.  That  for  dye 
set  B  is  given  in  Fig.  16-2.  The  gamut  of  dye  set  B,  which  is  limited 


Fig.  16-2  Chromaticity  grid  of  dye  set  B. 


b\  maximum  equivalent  neutral  densities  of  3.0,  is  slightly  greater  than 
that  of  d\e  set  A  for  the  same  limits.  Corresponding  purities  are  also 
obtained  at  slightly  higher  luminous  transmittances  with  dye  set  B. 
The  neutrals  are  sufficiently  close  to  being  nonselective  in  both  cases 
to  justify  the  assumption  that  the  equivalent  neutral  densities  and  dye 
concentrations  are  linearly  related. 

If,  in  making  exposures  from  dye  set  A,  monochromatic  lights  at  the 
wavelengths  shown  in  Fig.  15-1,  680  530  m*  and  450  m*  are 

used,  the  equations  for  the  exposure  densities  as  functions  of  the  con- 
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centrations  of  the  dyes  in  the  original  will  be  the  same  as  are  given  in 
equations  15- lcr.  These  are 


Dr  =  0.868c  +  0.01 1m  +  0.023>- 

Dg  =  0.164c  +  0.687w  -f-  0.145_y  (16T) 

Db  =  0.182c  +  0.210/w  +  0.62 Sy 

The  various  numerical  coefficients  in  these  equations  correspond  to  the 
absorptions,  for  unit  equivalent-neutral-density  concentrations,  of  the 
particular  dyes  at  the  wavelengths  of  each  of  the  monochromatic  ex¬ 
posures. 

The  equivalent  neutral  densities  of  the  dyes  in  the  copy  which  result 
from  these  exposures  may  be  designated  as  c',  in',  and  /.  For  direct 
copying,  c'  will  be  a  function  of  Dr,  in'  of  Dg,  and  /  of  D,t.  Further¬ 
more,  if  a  scale  of  neutrals  is  to  be  reproduced  as  a  scale  of  neutrals  at 
a  gamma  of  1.0,  it  is  evident  that  these  functional  relationships  must 
be  the  same  as  those  given  in  equations  1  5  T  d.  The  relationships  be¬ 
tween  the  equivalent  neutral  densities  of  the  dyes  in  the  original  and 
those  of  the  copy  will  then  be  the  same  as  are  given  in  equations 
15- Id.  The  differences  between  the  two  sets  of  equations  are  only  in 
the  interpretations  of  the  symbols  c',  in',  and  /.  In  considering  dupli¬ 
cating,  they  were  the  equivalent  neutral  densities  of  the  dyes  in  the 
duplicate,  the  same  dye  set  as  was  in  the  original.  In  copying,  c',  in', 
and  /  are  the  equivalent  neutral  densities  of  the  dyes  in  the  copy,  a 
dye  set  differing  from  that  of  the  original  photograph. 

Because  of  the  unwanted  absorptions  of  the  dyes,  neither  direct  du¬ 
plicating  nor  direct  copying  gives  areas  in  the  reproduction  which  are 
the  same  colorimetricaHy  as  the  corresponding  areas  in  the  original. 
Also,  the  reproductions  for  duplicating  and  for  copying  are  not  like 

each  other.  . 

The  nature  of  the  differences  for  dye  sets  A  and  B  are  illustrated  in 

Fig.  16-3.  The  solid  dots  indicate  the  chromaticities  of  various  con- 
centrations  of  single  and  two-dyc  combinations  of  the  dyes  of  the 
original  (dye  set  A).  These  points  arc  connected  by  lines  to  small  open 
circles  representing  the  chromaticities  of  the  reproductions  obtained 
by  direct  duplicating.  The  same  points  are  also  connected  to  small 
crosses  representing  the  chromaticities  obtained  by  direct  copying. 
The  accompanying  table  gives  the  luminous  transmittances  of  the  orig¬ 
inals  and  their  reproductions. 

It  should  be  noted  first  of  all  that  the  differences  between  the  repro 
auction  in  the  copy  and  in  the  duplicate  are  not  large;  at  least  they  are 
small  in  comparison  to  the  differences  between  either  one  and  those  ot 
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Reproductions 


Equivalent 

Luminous 

Neutral  Density 

Transmittance 

c  =  0.6 

0.637 

c  =  1.6 

.345 

c  =  3.0 

.171 

m  =  0.6 

.501 

m  =  1.6 

.  184 

m  =  3.0 

.067 

y  =  0.6 

.857 

y  =  1 .6 

.699 

y  =  3.0 

.559 

c  =  m  =0.6 

.303 

c  =  m  =  1.6 

.046 

c  =  m  =  3.0 

.005 

c  =  y  =  0. 6 

.530 

c  =  y  -  1.6 

.203 

c  =  y  —  3.0 

.060 

m  =  y  =  0.6 

.431 

m  =  y  =  1 . 6 

.137 

m  =  y  =  3.0 

.047 

Duplicate 

Copy 

Luminous 

Luminous 

Transmittance 

Transmittance 

0.553 

0.455 

.225 

.214 

.072 

.073 

.590 

.546 

.262 

.219 

.  101 

.072 

.806 

.845 

.578 

.634 

.377 

.406 

.315 

.306 

.047 

.046 

.004 

.003 

.437 

.435 

.116 

.  120 

.019 

.022 

.480 

.506 

.164 

.228 

.053 

.  106 

Fig.  16-3  Chromaticities 
their  reproductions  by  direct 


and  luminous  transmittances  of  colors  (solid  dots)  and 
duplicating  (small  circles)  and  by  direct  copying  (crosses  ) 
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the  original  colors.  It  is  also  seen  that  the  differences  between  the 
copy  and  the  duplicate  often  favor  the  copy.  This  is  true  not  because 
a  system  of  copying  is  in  general  superior  to  one  of  duplicating,  but 
because  the  dyes  of  the  particular  copy  described  here  are  in  some  ways 
superior  to  those  used  in  the  duplicate. 

Changes  in  exposure  level  and  increases  in  the  reproduction-process 
gammas  can  be  made  which  will  improve  the  results  of  direct  copying. 

1  he  problem  here  is  essentially  the  same  as  for  duplicating,  except  for 
the  slight  differences  introduced  by  the  differences  in  the  two  dye 
systems. 

Application  of  Duplicating  Theory  to  Copying 

In  the  preceding  chapter  it  was  shown  that  under  certain  assumed 
simplified  conditions  it  is  possible  to  obtain  an  exact  duplicate  of  an 
original  photograph.  An  essential  condition  is  that  each  of  the  three 
dyes  in  any  small  area  of  the  duplicate  be  deposited  as  a  function  of  all 
three  types  of  exposure.  Thus  the  amount  of  cyan  dye  must  be  a 
function  of  the  green  and  blue  exposure  densities  as  well  as  of  the  red 
exposure  density.  Likewise  the  amounts  of  the  magenta  and  yellow 
dyes  must  each  be  functions  of  the  red,  green,  and  blue  exposure  densi¬ 
ties.  Provided  that  the  exposures  are  monochromatic,  it  has  been 
shown  that  the  required  functional  relationships  are  given  by  three 
linear  equations. 

The  dyes  in  a  copy  are  not  the  same  as  those  of  the  original,  and, 
therefore,  the  functional  relationships  which  give  exact  reproduction  for 
duplicating  cannot  be  expected  to  do  the  same  for  copying.  Neverthe¬ 
less,  these  relationships  provide  one  means  of  approximating  the  cor¬ 
rect  results  in  copying  and  are  worthy  of  consideration. 

MASKING  FOR  THE  DYES  OF  THE  ORIGINAL 

The  color  reproduction  equations,  or  masking  equations,  which  weie 
derived  for  exact  duplicating  for  the  dye  set  A  of  Fig.  15-1  are 

C  =  \.\6SDr  -  0.01 7Z)g  -  0.039Dfc 

m  =  —0.222 Dr  +  1.572D*  -  0.357 Db  (16-2) 

y  =  —0.2 65Dr  —  0.523Dg  +  1.733 Db 

The  exposures  were  assumed  monochromatic  at  the  wavelengths  680 
mu  530  m/x,  and  450  m/i.  When  these  same  color  reproduction  equa- 
tions  are  applied  to  copying,  the  colorimetric  departures  of  the  copy 
from  the  colors  of  the  original  are  as  illustrated  in  Fig.  16-4.  1  he  solic 
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Imc.  16.4  Chromaticities  and  luminous  transmittances  of  colors  (solid  dots)  and 
icir  reproductions  for  color  reproduction  equations  derived  for  duplicating  the  dyes 
of  the  original  (open  circles)  and  for  duplicating  the  dyes  of  the  copy  (crosses) 
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dots  give  the  chromaticities  of  concentration  scries  of  single  dyes  and 
of  equal-part,  two-dye  mixtures  of  the  original.  The  dyes  are  those  of 
Fig.  15*1.  The  open  circles  connected  to  these  points  by  solid  lines 
give  the  corresponding  chromaticities  of  the  reproduced  colors  in  the 
copy,  the  dyes  of  which  are  illustrated  in  Fig.  16*1.  Luminous  trans- 
mittances  for  the  corresponding  points  are  given  in  the  table  accom¬ 
panying  the  figure. 

The  equations  for  exact  reproduction  in  duplicating  give  reasonably 
good,  but  certainly  not  exact,  reproduction  when  applied  to  copying. 
The  results  are,  in  general,  somewhat  better  than  those  obtainable  by 
direct  copying.  Exact  reproduction  does  not  take  place,  of  course, 
because  of  the  differences  in  the  two  dye  systems.  As  the  dyes  of  the 
two  systems  differ  spectrophotometrically,  sets  of  equivalent-neutral- 
density  values  which  are  equal  to  each  other  do  not  give  the  same  colors. 

It  was  found  for  duplicating  that  linear  equations  would  not  give 
exact  reproduction  if  the  exposures  arc  not  monochromatic.  Departures 
from  exact  reproduction  were  found  to  increase  with  increasing  band 
widths.  These  same  equations  could  be  applied  to  copying,  but  in  no 
case  would  close  approximations  to  exact  colorimetric  reproductions  be 
expected. 


MASKING  FOR  THE  DYES  OF  THE  COPY 


In  the  treatment  just  given,  the  color  reproduction  equations  were 
those  which  would  give  exact  colorimetric  reproduction  in  a  duplicating 
process  involving  only  the  dye  set  of  the  original  photograph.  A  slightly 
different  set  of  equations  would  have  resulted  if  the  duplicating  process 
were  assumed  to  involve  only  the  dye  set  of  the  copying  material.  For 
the  particular  dye  set  illustrated,  dye  set  B  of  Fig.  16-1,  and  by  the 
techniques  illustrated  on  pp.  559-560,  the  duplicating  equations  are 

c>  =  1.126Dr  -  0.008 Dg  -  0.01 5Db 

m'  =  -0.22 5Dr  +  1.323D,  -  0.11  ID*  (16-3) 


/  =  -0.077 Dr  ~  0.390 Dg  +  1.434D* 

As  an  alternative  method  of  applying  duplicating  theory  to  copying, 
it  is  possible  to  make  use  of  these  equations.  Only  one  dye  set,  rather 
than  the  two  which  actually  are  involved,  has  been  taken  into  account, 
and,  therefore,  exact  colorimetric  reproduction  is  not  to  be  expec  e  . 
When  these  color  reproduction  equations  are  made  use  o  ,  assumi  g 
dye  set  A  in  the  original  photograph  and  dye  set  B  m  the  copy, 
departures  from  exact  colorimetric  reproduction  are  as  illustrated  by 
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the  small  crosses  connecting  the  chromaticity  points  of  the  originals 
in  Fig.  16-4.  The  departures  are  of  smaller  magnitude  than  for  color 
reproduction  equations  based  upon  duplicating  for  the  dye  set  o  t  ie 

There  is  another  respect  in  which  color  reproduction  equations  de¬ 
rived  for  duplicating  the  dyes  of  the  copy  (equations  16-3)  are  of  special 
interest.  If,  in  applying  these  equations,  the  original  photograph  con¬ 
sisted  of  dye  set  B,  rather  than  dye  set  A,  the  copy  (or  duplicate  in  this 
case)  would  exactly  match  the  original.  Suppose  that,  for  this  or  some 
similar  set  of  equations,  the  values  of  Dr,  Dff,  and  Db  as  they  would  be 
obtained  from  any  small  area  of  a  photograph  consisting  of  dye  set  B 
would  be  equal,  respectively,  to  values  of  Dr,  Dg,  and  Db  as  they  would 
be  obtained  from  a  corresponding  small  area  of  a  photograph  consisting 
of  dye  set  A,  provided  that  the  two  areas  were  colorimetrically  the  same. 
Under  such  conditions,  it  is  evident  that  the  color  reproduction  equa¬ 
tions  which  would  give  exact  reproductions  in  duplicating  for  dye  set  B 
would  also  give  exact  reproduction  in  copying  when  dye  set  A  was 
used  in  the  original  and  dye  set  B  in  the  copy. 

As  is  evident  from  Fig.  16-4,  these  conditions  do  not  apply  for  the 
monochromatic  exposures  made  use  of  in  deriving  equations  16-3.  If, 
however,  the  sensitivity  distributions  for  these  exposures  were  made  to 
correspond  to  a  set  of  color-mixture  curves,  then  matching  colors  would 
result  in  the  same  exposures  and  exposure  densities,  regardless  of  the 
dye  set  from  which  they  are  derived. 

This  solution  appears  attractive  and  has  been  proposed  both  for  copy¬ 
ing  and  for  the  theory  of  colorimetric  reproduction  involving  any  original 
scene  (Yule,  1938).  However,  such  a  solution  as  applied  to  either 
problem  is  not  complete.  The  difficulty  lies  in  the  necessity  of  simul¬ 
taneously  assuming  two  mutually  exclusive  types  of  sensitivity  distribu¬ 
tions.  For  linear  equations  in  exact  reproduction  for  duplicating,  the 
exposures  must  be  monochromatic;  the  three  effective  sensitivity  distri¬ 
butions  must  each  be  confined  to  very  narrow  spectral  regions.  On  the 
other  hand,  all  color-mixture  curves  cover  broad  spectral  regions.  If 
they  are  made  use  of,  linear  equations  giving  exact  colorimetric  repro¬ 
duction  cannot  be  found.  If  they  are  not  made  use  of,  the  exposure 
densities  of  the  copying  material  will  in  general  not  conform  to  those 
of  the  original  photographic  material. 


Theory  of  Color  Photographic  Copying 

As  has  been  indicated,  the  reason  that  linear  color  reproduction  equa- 
t.ons  which  are  derived  for  duplicating  do  not  apply  in  copying  is  that 
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the  dyes  of  the  copy  differ  from  those  of  the  original  photograph.  If 
c,  m,  and  y  represent  the  amounts  of  the  cyan,  magenta,  and  yellow 
dyes  at  some  area  in  the  original  photograph,  and  d,  m',  and  /  are 
those  for  the  corresponding  dyes  and  area  in  the  copy,  then  the  condi¬ 
tions  of  equality  given  by 

c'  —  c  in'  =  m  y  =  y  (16-4) 

do  not  mean  that  the  two  points  match  colorimetrically.  It  is  evident 
that  this  is  the  fundamental  distinction  between  duplicating  and 
copying. 

It  is  also  evident,  however,  that,  within  the  gamut  of  colors  obtainable 
by  both  dye  systems,  every  set  of  equivalent  neutral  densities,  c,  m, 

Figure  16-5 
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Fig.  16-5  Equivalent  neutral  densities  of  dye  set  B  which  give  visual  matches  hr 
the  given  equivalent  neutral  densities  of  dye  set  A. 
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and  y,  in  any  small  area  of  the  original  photograph  gives  a  color  whic 
can  be  matched  bv  a  corresponding  set  of  equivalent  neutral  densities, 
C'  m'  and  /,  in  the  copy.  Because  each  dye  system  is  a  three-variable 
system,  this  correspondence  is  unique.  For  any  set  of  values  c,  m,  an  y, 
there  is  one,  and  only  one,  set  of  values  c ,  m ,  and  y  or  w  ic  i  ie 
associated  colors  have  the  same  tristimulus  values.  Sets  of  such  corre¬ 
sponding  values  for  a  number  of  different  colors  are  given  in  the  table 

of  Fig.  16-5. 

This  table  gives  considerable  data  which  relate  the  two  dye  sets,  but 
it  is  cumbersome  and  not  directly  useful  in  specifying  color  reproduction 
equations.  The  basic  requirement  in  obtaining  color  reproduction  equa¬ 
tions  for  copying  is  a  set  of  analytical  functions  relating  c ,  m ,  and  y 
to  c,  m,  and  y  which  would  embrace  all  the  data  given  in  the  table 
of  Fig.  16-5  as  well  as  similar  data  for  other  colors  which  might  be 
of  interest.  If  the  color  reproduction  equations  are  to  be  linear  equa¬ 
tions,  then  the  analytical  functions  must  also  be  represented  by  linear 


equations. 

It  is  found  that  for  real  dye  sets  linear  equations  which  give  the 
desired  relationships  within  high-precision  limits  do  not  exist.  Such 
equations  which  express  these  relationships  reasonably  well  can  be 
found,  however,  and,  for  purposes  of  illustrating  the  method  of  deriving 
color  reproduction  equations  for  copying,  the  present  discussion  will  be 
limited  to  them. 

Linear  equations  relating  c,  m,  and  y  to  c',  m',  and  /  would  be  in 
the  form  of 

c'  =  pi\C  4~  p\2>n  +  Pizy 


m'  —  p2\C  +  p22m  T  p2%y  (16  -5a) 

y  =  p3\C  +  p32m  4-  p33)’ 

Each  pu  is  a  coefficient  which  must  be  established  for  the  particular 
sets  of  dyes  under  consideration.  As  the  equations  arc  approximate 
rather  than  exact,  the  specific  values  of  the  p's  will  also  depend  slightly 
on  the  particular  method  used  in  establishing  them.  Such  methods 
will  be  discussed  later. 

In  Chapter  XV,  equations  15-46  and  15 -4c  give  the  relationships 
necessary  for  exact  duplication.  Equations  15 -4c  are  repeated  here, 
omitting  the  primes  (')  from  c,  m,  and  y,  as: 


c  =  gnDr  4-  guDg  4-  gi3Db 
m  —  g2\Dr  4-  g22^g  4 -  g23^b 
v  =  gSlDr  4~  g32^g  4"  g33^b 
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(16-5J) 


I  he  \  allies  of  the  various  gs  are  found  in  accordance  with  equations 

15- 4  d. 

1  he  quantities  c,  m,  and  y  of  equations  16-5 b  represent  the  amounts 
of  the  dyes  in  any  small  area  of  the  duplicate,  but  they  are  also  equal 
to  the  amounts  of  the  same  dyes  in  the  corresponding  area  of  the 
original.  To  obtain  a  colorimetric  match  with  these  amounts  of  dyes 
in  the  duplicate  (or  original),  some  other  amounts,  c',  m',  and  y',  would 
be  required  in  the  copy.  Equations  16-5 a  give  the  assumed  relationship 
between  the  dyes  of  the  original,  c,  m,  and  y,  and  the  dyes  of  the  copy, 
c',  m',  and  y',  for  colorimetric  matches.  Consequently,  if  equations 
16  -Sa  and  16-5 b  are  combined,  giving  c',  m',  and  y'  as  functions  of 
D,,  D^,  and  D,„  it  is  evident  that  the  amounts  of  dyes  in  the  copy 
necessary  to  match  any  small  area  of  the  original  will  be  given  as  func¬ 
tions  of  the  exposure  densities  from  the  original.  These  color  repro¬ 
duction  equations  may  be  expressed  as 

c'  =  gn'Dr  4-  gn'Dg  4-  gisDb 
in'  =  g2i'Dr  4~  g22^g  4~  g23^b  (16- 5c) 

y  =  g3l'Dr  4"  g32*Dg  4-  g33^b 

where 

g\\  =  /’llgll  +  P\2g2\  4"  P\3g3\  g\2  =  Pi\g\2  4“  P\2g22  4~  P\3g32 

g2l  =  p2lg\  1  4“  P22g2\  4"  p23g3\  g22  =  p2\g\2  4~  p22g22  4"  p23g32 

g3\  =  P3\gl\+  P32g2\  4"  />33^31  g3 2  =  p3\g\2  4~  p32g22  4"  p33g32 

g\3  —  P\\g\3  4“  P\2g23  4“  P\3g33 

g23  ~  P2\g\3  4-  P22g23  4-  p23g33  (16-  5^/) 

^33'  =  P3\g\3  4~  P32g23  4"  P33g33 

If  equations  \6-Sa  and  16-5 b  are  exact,  it  is  evident  that  equations 

16-  5c,  when  fulfilled,  will  give  exact  colorimetric  reproduction  in  a 
copying  process.  As  discussed  in  the  preceding  chapter,  equations  such 
as  those  of  16-5 b  can  be  found  which  arc  reasonably  accurate,  either 
for  monochromatic  exposures  or  for  exposures  of  appreciable  spectral 

band  widths. 

As  has  been  discussed,  equations  such  as  16- Sa  which,  to  a  high 
degree  of  accuracy,  indicate  the  proper  relationships  between  real  sets 
of  "’dyes  cannot  be  found.  In  attempting  to  overcome  this  difficulty, 
two  alternatives  present  themselves:  (l)  finding  more  complicated  func¬ 
tions  which  describe  the  relationships  accurately,  or  (2)  accepting  the 
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necessity  of  relying  on  an  approximate  solution  to  the  problem  of  rep  - 
'  duction  in  copying,  and  finding  linear  equations  corresponding  to  16- 
which  reduce  the  differences  between  the  original  and  the  copy  to  a 

minimum.  „ 

Mathematically,  either  of  these  alternatives  can  be  applied.  Une 

method  of  obtaining  more  exact  relationships  would  be  to  extend  each 
of  the  equations  in  equations  16*  into  a  power  series  in  c,  in,  and  ). 
By  evaluating  a  sufficient  number  of  the  coefficients  in  this  series,  any 
desired  degree  of  precision  for  expressing  the  amounts  of  the  dyes  of 
the  copy  as  functions  of  the  dyes  of  the  original  probably  could  be 
found.  For  each  c,  m,  and  y  in  these  equations,  substitutions  from 
equations  16-5 b  could  be  made,  giving  the  reproduction  equations. 

The  primary  objection  to  such  a  procedure  is  that  little  application 
of  such  results  could  be  made.  Results  obtainable  by  means  of  a  linear 
theory  can  at  best  be  applied  only  within  the  limits  of  appreciable 
errors,  and  no  methods  are  known  for  even  approximating  the  effects 
corresponding  to  the  quadratic  and  higher-order  terms.  For  these  rea¬ 
sons,  the  better  procedure  appears  to  be  to  assume  equations  in  the 
form  of  16  -  5 a  and  to  find  values  for  the  p's  which  introduce  the  smallest 
possible  errors.  Several  methods  for  accomplishing  this  result  will  be 
discussed  in  succeeding  sections. 

GRAPHICAL  METHODS 

The  first  five  colors  of  Fig.  16-5  (table)  represent  a  series  of  increasing 
concentrations  of  the  cyan  dye  of  the  original.  The  magenta  and 
yellow  dyes  throughout  this  series  are  held  constant  at  concentrations 
of  zero.  For  the  five  different  values  of  c,  the  values  of  c’  for  dye  set  B 
are  0,  0.47),  0.942,  1.530,  and  2.060,  respectively.  If  the  points  for  each 
of  the  pairs  of  values  of  c  and  c'  are  plotted,  the  results  are  the  five 
points  marked  by  crosses  (x)  in  Fig.  16- 6a.  A  straight  line  can  be 
drawn  which  passes  through  all  the  points  except  the  last  one,  and 
the  distance  from  this  point  is  not  large.  This  line  is  labeled  c? .  Using 
the  sets  of  values  for  m'  and  /  for  the  different  values  of  c,  similar 
straight  lines  are  obtained  and  also  are  shown  in  Fig.  16  -6a. 

On  the  basis  of  the  data  of  colors  6  and  7  of  Fig.  16-5,  similar  lines 
are  obtained  for  c',  m',  and  /  as  functions  of  m,  and  are  shown  in 
rig.  16-65.  Colors  8  and  9  give  the  plots  of  Fig.  16 -6c. 

The  slope  of  the  straight  line  representing  the  plot  between  c'  and  c 

r™  y  r"mai"ln8  con6tant>  corresponds  to  pu  of  equations  16-  5a! 
t-ach  of  the  other  slopes  likewise  corresponds  to  one  of  the  p’s  of  these 
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Fig.  16-6  Equivalent  neutral  densities  of  the  cony,  c,  in,  and  y  ,  as  functions 
the  equivalent  neutral  densities  of  the  original,  c,  m,  and  y;  (a)  c\  in',  anc  y  as  un 
tions  of  c,  (b)  c\  m' ,  and  y'  as  functions  of  m,  and  (c)  c  ,  m ,  anc  y  as  unc  ions 


equations,  and  consequently,  by  determining  all  the  slopes  from  the 
graphs,  the  following  equations  can  be  written: 

c'  =  0.750c  +  0.180™  -  O.OlOjy 
m'  =  0.040c  +  0.870™  +  O.llOy  (16-6^) 

/  =  0.120c  +  0.040™  +  0.900_y 
These  equations,  and  equations  16-2,  give 

c'  =  0.816D,  +  0.261 7Jg  -  0.105D6 

m'  =  -0.165D,  +  1.294D*  -  0.129D&  (16-  6^) 

y'  =  —  0.096Dr  -  0.41  ID*  +  1.544D& 

Equations  16-66  are  a  set  of  color  reproduction  equations  for  copying 
where  the  original  photograph  is  made  up  of  dye  set  A  (Fig.  15*1) 
and  the  copying  material  is  made  up  of  dye  set  B  (Fig.  16-1).  They  will 
not  give  exact  reproduction  because  equations  1 6  *  6d  do  not  give  an 
exact  correspondence  between  c',  in',  and  y'  and  c,  m,  and  y. 

By  the  use  of  a  different  set  of  colors,  the  graphical  method  can 
be  employed  to  give  directly  the  values  of  the  gn',  gi2r,  and  so  on,  of 
equations  16- 5c.  The  colors  chosen  in  this  case  must  be  such  that 
only  one  of  the  three  exposure  densities,  Dr,  Dy,  or  Db,  is  allowed  to 
vary  at  one  time.  Such  colors  are  given  by  numbers  10  through  14 
of  the  table  of  Fig.  16-5.  For  numbers  10,  11,  and  12,  Dr  takes  on 
three  different  values  while  Dg  and  Db  are  held  constant  at  values  of 
0.6.  By  making  use  of  equations  16-2,  the  values  of  c,  m,  and  y 
corresponding  to  each  of  these  sets  of  values  of  the  exposure  densities 
can  be  obtained.  These  are  given  in  the  first  three  columns  of  the 
table.  The  tristimulus  values  X,  Y,  and  Z  for  each  of  these  combina¬ 
tions  of  dye  set  A  can  then  be  found.  Values  of  c',  m',  and  /  which 
give  the  same  set  of  tristimulus  values  are  then  found  and  are  shown 
tabulated  in  columns  4,  5,  and  6. 

With  D(J  and  Db  held  constant,  plots  of  c ',  in',  and  /  as  functions 
of  Dr  can  then  be  obtained.  These  are  shown  in  Fig.  16-7 a.  The 
slope  of  each  of  these  curves  is  respectively  the  rate  of  change  of  c' 
with  respect  to  Dr,  of  in'  with  respect  to  Dr,  and  of  /  with  respect  to 
D,.  They  therefore  are  the  values  of  gn',  g21',  and  g31'.  Using  colors 
10  and  13,  the  plots  of  Fig.  16-76  were  similarly  obtained,  with  slopes 
corresponding  to  g12',  g22',  and  g32'.  Colors  10  and  14  were  used  to 
obtain  Fig.  16 -7c,  and  the  values  of  g13',  g23',  and  g33'. 
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Fig.  16-7  Equivalent  neutral  densities  of  the  copy,  c',  m',  and 
the  exposure  densities  Dr,  D^,  and  Db  of  the  original,  (u)  c  ,  m  , 
of  Dr,  ( b )  c\  m',  and  y'  as  functions  of  D,r  and  (c)  c',  m  ,  and  y 
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y',  as  functions  of 
and  y'  as  functions 
as  functions  of  Db. 


The  resulting  equations  are 

c>  =  0.790 Dr  +  0.263Dg  -  0.138Db 

m'  =  -OASODr  +  1.300D,  -  0.17 5Db  (16-7) 

y'  =  —0.050 Dr  —  0.425Dg  +  1.600D& 

The  coefficients  in  these  equations  have  values  very  close  to  those 
of  equations  16 -6b.  The  differences  are  due  primarily  to  the  fact  that 
different  sets  of  colors  were  used  in  obtaining  the  two  sets  of  equations. 
For  study  of  such  equations  as  they  might  apply  to  an  actual  process, 
more  colors  than  those  used  in  either  equations  16-6  or  16*7  should 
be  used.  This  would  make  possible  results  which  would  be  more  reliable 
and  would  also  give  an  indication  of  the  order  of  magnitude  of  the 
deviations  from  the  best  straight  line  which  could  be  drawn  through 
the  points. 

ANALYTICAL  EXTENSION  OF  THE  GRAPHICAL 
METHOD 

The  results  accomplished  graphically  in  the  preceding  section  can 
equally  well  be  accomplished  analytically.  In  solving  for  the  coefficients 
in  equations  \6-6a,  for  example,  colors  I  and  2  of  the  table  would  be 
sufficient  to  determine  the  coefficients  of  c,  colors  1  and  6  for  the  co¬ 
efficients  of  m,  and  colors  1  and  8  for  the  coefficients  of  y.  Other  pairs 
of  colors  in  each  case  could  be  used  equally  well. 

Being  based  upon  only  two  colors,  these  coefficients  would  not  have 
as  general  a  validity  as  those  based  upon  a  larger  number.  Although 
the  data  from  more  than  two  colors  might  not  be  linearly  related,  the 
method  of  least  squares  could  be  employed  to  obtain  the  straight  line 
which,  within  close  tolerances,  would  best  fit  the  data.  The  lines  so 
obtained  would  probably  differ  but  slightly  from  those  shown  in  Fig. 
16-6,  provided,  of  course,  that  the  same  sets  of  data  were  used. 

Similarly,  two  or  more  colors  chosen  from  numbers  10  through  14 
could  be  used  in  determining  analytically  the  coefficients  in  equations 
16-7.  Again,  on  the  basis  of  the  same  sets  of  data,  the  results  should 
be  similar  to  those  given  in  these  equations. 

I  he  analytical  treatment  has  one  great  advantage,  however,  in  that 
the  colors  for  which  a  solution  is  to  be  obtained  need  not  be  limited 
in  the  same  manner  as  they  are  for  the  graphical  solution.  To  obtain 
equations  \6-6a  by  graphical  means,  it  is  essential  that  only  one  of 
the  dyes  at  a  time  of  dye  set  A  be  allowed  to  take  on  different  values 
1  he  same  restriction  applies  to  D„  D„,  and  D„  in  obtaining  equations 
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such  as  equations  16-7  by  graphical  means.  Analytically,  however,  there 
are  no  such  limitations.  By  the  method  of  least  squares,  for  example, 
all  the  data  given  for  colors  1  through  14,  as  used  in  the  preceding 
examples,  could  be  combined  and  made  use  of  in  determining  the 
value  of  each  coefficient.  The  coefficients  so  obtained,  being  based 
upon  an  averaging  procedure  in  which  a  large  number  and  variety  of 
colors  are  used,  should  be  more  valid  than  those  obtained  graphically. 

Equally  important,  analytical  methods  make  possible  a  better  selection 
of  colors  upon  which  the  color  reproduction  equations  will  depend. 
For  example,  the  proper  reproduction  of  flesh  color  is  one  of  the  most 
important  characteristics  of  any  photographic  process.  This  color  is 
apt  to  be  much  more  important  than  any  chosen  concentration  of 
cyan  dye,  or  of  any  other  arbitrarily  chosen  dye  concentrations.  Green 
grass  and  red  brick  are  other  important  colors.  By  obtaining  data  for 
such  colors  as  these  and  using  them  as  the  basis  for  determining  the 
coefficients  in  the  color  reproduction  equations,  the  results  are  apt  to 
be  better  than  the  results  for  any  of  those  already  discussed. 

The  method  just  discussed  may  be  illustrated  by  using  colors  15 
through  25  in  the  table  of  Fig.  16-5.  This  list  does  not  represent  a 
careful  investigation  into  the  relative  importances  of  different  colors 
in  color  photography,  but  it  is  a  list  which  probably  would  be  typical 
of  the  results  of  such  an  investigation.  Spectrophotomctric  curves  cor¬ 
responding  to  samples  of  each  of  these  colors  were  first  obtained.  The 
tristimulus  values  X,  Y,  and  Z  for  each  color  were  then  determined. 
Computations  were  then  made  to  determine  the  amounts  of  the  dyes 
of  dye  set  A  and  of  dye  set  B  which  would  match  each  of  these  sets 
of  tristimulus  values.  These  data  arc  tabulated  in  the  first  six  columns 

of  the  table.  .  .  . 

The  method  of  least  squares  was  then  employed  m  obtaining  co¬ 
efficients  of  linear  equations  which  would  give  c',  in',  and  /  as  functions 
of  c,  m,  and  y.  The  results  are: 

c>  =  0.781c  4-  0.208;;/  -  0.023_y 

m>  =  —0.008c  4-  0.920;;/  4-  0.126jv  (16 -  8^) 


y>  —  0.149c  —  0.026w  4"  0.86 5 jy 

These  equations  are  similar  to  equations  16-6a,  but  not  identical. 
Assuming  that  the  colors  used  in  deriving  then,  0  greater  cons  - 
ouence  in  the  photographic  process,  equations  16- 8a  should 
satisfactory  for  establishing  the  conditions  for  copying. 
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Again,  by  employing  equations  16-2,  the  equations  of  c',  m',  and  v' 
as  functions  of  D„  D„  and  D»  are  obtained  as  follows: 

C>  =  0.848Dr  +  0.310Dg  -  0.138A, 

m'  =  - 0.234D,  +  1 .365 Dt  -  0. 1 1 9Db  (16^) 

y>  =  _o.040Dr  -  0.497Dg  +  \.S06Db 

These  equations  may  be  compared  with  equations  16 -6b  and  16-7.  The 
differences  are  not  great,  at  least  as  compared  to  those  derived  directly 

from  duplicating  theory. 

The  coefficients  in  equations  16 ’8b  could,  of  course,  be  determined 
directly.  In  this  case,  equations  16-1  would  be  employed  to  determine 
Dr,  Dg ,  and  Db  for  each  c,  m,  and  y.  The  results  obtained  by  this 
procedure,  on  the  basis  of  the  same  set  of  data,  would  be  identical 
with  those  already  found. 

INTERPRETATIONS  OF  TIIF.  CO  I.  OR  REPRODUCTION 
EQUATIONS  FOR  COPYING 

Rough  approximation  formulas  can  be  found  which  segregate  the 
factors  which  determine  the  order  of  magnitude  of  each  of  the  coef¬ 
ficients  in  the  copying  color  reproduction  equations.  In  this  connection 
it  is  convenient  to  think  of  the  color  reproduction  equations  as  masking 
equations,  although,  in  practice,  effects  other  than  those  due  to  masks 
may  be  included. 

Linear  forms  of  color  reproduction  equations  are  given  in  equations 
16-  Sc;  the  values  of  the  coefficients  (gii,  gi2',  •  •  •)  may  be  determined 
by  means  of  equations  16-5 d.  It  will  be  recalled  that  the  g’s  of  these 
equations  were  derived  in  the  color  reproduction  equations  for  duplicat¬ 
ing  and  are  related  to  the  dye  absorptions  of  the  originals  as  given  by 
equations  1  5  *  4c?.  Making  use  of  the  fact  that  the  principal  absorptions, 
referred  to  here  as  bn,  b22,  and  b33,  are  much  larger  than  the  other 
absorptions  and  that  plly  p 

22?  and  p33  are  much  larger  than  any  of  the 
other  p's,  these  equations  become 

gn  «  pn/b n  gl2f  «  {\/b22)(pX2  -  pnb12/bn) 

g2\  ~  (1  / b\  i )  (/>21  ~  p22^2 1/^22)  g22  ~  P22/ ^22 
gSl'  «  (l/hi)(p3l  ~  ^31/^33)  £32'  «  (1/^22) (p32  ~  7)33^32/^33) 
^13'  ~  (1/^33) (/>i3  ~  Pnbi3/bu) 
g22  ~  (l/^33)(/>23  —  7)22^23/^22) 

^33'  ~  7)33/^33 


(16-9) 


In  Fig.  15-3  (table)  the  effects  of  the  various  unwanted  absorptions 
were  tabulated  in  terms  of  their  effects  on  the  process  of  direct  duplicat¬ 
ing.  The  various  b  s  corresponding  to  these  absorptions  are  the  same 
in  equations  16-9  as  they  are  in  the  table.  Color  reproduction  equa¬ 
tions  for  copying  must,  like  those  for  duplicating,  provide  corrections 
for  these  unwanted  absorptions.  In  addition,  corrections  must  be  made 
for  the  differences  between  the  two  sets  of  dyes.  This  is  the  role  of 
the  parameters  (p’s)  given  in  equations  16-5 a,  and  included  in  those 
of  16-9. 

Figure  16-8  (table)  gives  a  tabulation  of  the  effects  on  the  colors 
obtained  in  the  copy  of  each  of  the  three  dye  colors  and  their  comple- 
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Figure  16-8 

Color  Corrections  Given  it  Parameters 
in  Equations  Are  Applied 
If  />2i  >  pn\  Corrects  for  greenish  reproduction 
of  cyans 

If  />31  >  p2i •  Corrects  for  bluish  reproduction 
of  cyans 

If  pn  >  p32’-  Corrects  for  reddish  reproduction 
of  magentas 

If  />32  >  pn:  Corrects  for  bluish  reproduction 
of  magentas 

If  />i3  >  p23‘.  Corrects  for  reddish  reproduction 
of  yellows 

If  p23  >  pn\  Corrects  for  greenish  reproduction 
of  yellows 

If  />22  +  />23  >  Ps2  +  p33-  Corrects  for  shift  of 

reds  toward  yellow 

m'  =  p22m  +  pny  If  />32  +  Pss  >  Pn  +  P Corrects  for  shift  of 
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reds  toward  ma¬ 
genta 

If  pn  +  pn  >  p3i  +  Pm-  Corrects  for  shift  of 

greens  toward  yel¬ 
low 

If  pn  +  P33  >  Pn  +  pis’  Corrects  for  shift  of 

greens  toward  cyan 

I fpn  +  pn  >  pn  +  pa:  Corrects  for  shift  of 

blues  toward  ma¬ 
genta 

m'  =  pne  +  Pnm  If  Pn  +  Pn  >  Pn  +  Pn-  Corrects  for  shift  of 
”  =  pic  +  Pnm  bll"s  toward  C>an 

Fl0.  16-8  Color  corrections  corresponding  to  various  parameters  of  linear  equations 
relating  two  dye  sets. 


y'  =  pnm  +  p3sy 

m  =  0,  c  =  y 
c'  =  pnc  +  p\sy 

m'  =  pzic  +  pisy 
y'  =  pzic  +  pzsy 

y  =  0,  c  =  m 
c'  =  pnc  +  Pnm 
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mentarv  colors  in  the  original,  if  the  corrections  indicated  by  the  various 
individual  parameters  of  the  color  reproduction  equations  are  applied. 
If  equal  or  proportional  concentrations  of  all  combinations  of  dyes  in 
the  two  sets  would  give  visually  matching  colors,  all  these  parameters 
except  Pn,  P22,  and  p3 3  would  be  equal  to  zero.  This  case  could  be 
handled  in  the  same  manner  as  was  duplicating.  It  is  therefore  neces¬ 
sary  at  this  point  to  consider  only  those  coefficients  other  than  pn, 

p22,  and  /?33. 

In  form  the  two  tables  of  Figs.  IT 3  and  16 ’8  are  alike,  but  the 
interpretation  is  quite  different.  In  Fig.  15-3,  the  changes  in  color  are 
away  from  those  required  for  exact  reproduction.  1  lie  changes  indicated 
in  Fig.  16-8  are  those  necessary  if  exact  reproduction  is  to  take  place. 
Comparisons  for  the  original  and  copying  dye  sets,  for  example,  would 
show  that,  if  pure  cyan  dye  of  the  original  were  reproduced  as  pure 
cyan  dye  of  the  copy,  then  the  copy  would  be  much  more  bluish  than 
the  original.  To  correct  for  this  change  in  color,  p31  in  the  equations 
must  be  greater  than  p2 1-  In  like  manner  interpretations  can  be  placed 
upon  each  of  the  other  relationships  shown  in  the  table. 

With  the  help  of  equations  16-9  and  the  tabulated  information  of 
Figs.  13-3  and  16-8,  and  by  considering  the  color  reproduction  equa¬ 
tions  as  masking  equations,  the  function  served  by  the  mask  correspond¬ 
ing  to  each  of  the  coefficients  in  the  equations  can  now  be  determined. 
The  effects  may  be  summarized  as  follows: 

1.  The  green-light  mask  applied  to  the  cyan  printer  (g12')  corrects  for  the  un¬ 
wanted  red-light  absorption  of  the  magenta  dye  (b12),  and  gives  the  required  cyan 
dye  concentration  in  the  copy  as  a  function  of  magenta  dye  concentration  in  the 
original  (p12). 

2.  The  blue-light  mask  applied  to  the  cyan  printer  (g13')  corrects  for  the  un¬ 
wanted  red-light  absorption  of  the  yellow  dye  (b13),  and  gives  the  required  cyan  dye 
concentration  in  the  copy  as  a  function  of  yellow  dye  concentration  in  the  original 
(Pis)- 

3.  The  red-light  mask  applied  to  the  magenta  printer  (go/)  corrects  for  the  un¬ 
wanted  green-light  absorption  of  the  cyan  dye  (b21),  and  gives  the  required  magenta 
dye  concentration  in  the  copy  as  a  function  of  the  cyan  dye  concentration  in  the 
original  (p21). 

4.  The  blue-light  mask  applied  to  the  magenta  printer  (g2;/)  corrects  for  the  un 
wanted  green-light  absorption  of  the  yellow  dye  (b23),  and  gives  the  required  magenta 

dye  concentration  in  the  copy  as  a  function  of  the  yellow  dye  concentration  in  the 
original  (p23). 

5.  The  red-light  mask  applied  to  the  yellow  printer  (g3/)  corrects  for  the  un- 
wanted  blued, ght  absorption  in  the  cyan  dye  (b31),  and  gives  the  required  yellow 
dye  concentration  in  the  copy  as  a  function  of  the  cyan  dye  concentration  in  the 
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6.  The  green  light  mask  applied  to  the  yellow  printer  (g32')  corrects  for  the  un¬ 
wanted  blue-light  absorption  of  the  magenta  dye  (b32),  and  gives  the  required  yellow 
dye  concentration  in  the  copy  as  a  function  of  the  magenta  dye  concentration  in  the 
original  (p32). 

The  items  listed  cover  only  the  predominant  effects.  Actually,  each 
coefficient  in  the  color  reproduction  equations  is  influenced  to  at  least 
a  slight  degree  by  each  of  the  unwanted  absorption  values  and  by  each 
of  the  parameters  in  the  equations  relating  the  two  dye  sets  to  each 
other.  Because  of  great  differences  in  numerical  values  that  normally 
exist  between  certain  of  the  parameters  and  others,  it  is  possible  to  make 
an  analysis  such  as  that  given.  For  higher  precision,  however,  equations 
16*5 d  rather  than  equations  16-9  should  be  used  and  factors  other 
than  those  listed  are  involved. 

The  general  theory  of  copying  is  now  developed  sufficiently  to  enable 
consideration  of  many  other  problems,  such  as  the  application  of  indi¬ 
vidual  masks,  masks  to  improve  individual  colors,  neutral  masks,  false- 
color  systems,  gamma  manipulation,  and  negative-positive  systems.  The 
method  is  strictly  analogous  to  that  made  use  of  in  the  chapter  on 
duplicating,  however,  and  therefore  need  not  be  discussed  fully  here. 
Any  problem  in  copying  may,  in  fact,  be  considered  first  of  all  as  a 
problem  in  duplicating,  with  modifications  made  in  the  results  to  take 
into  account  differences  between  the  two  dye  systems.  The  manner 
in  which  this  may  be  done  has  been  illustrated  in  several  types  of 
examples,  and  these  methods,  along  with  procedures  already  discussed 
in  the  chapter  on  duplicating,  are  adequate  to  deal  with  any  of  the 
other  types  of  problems  mentioned. 


COPYING  A  PRINT  MADE  FROM  AN  INTERMEDIATE 


When  a  color  photographic  print  has  been  made  from  an  intermedi- 
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by  Dr,  Dg,  and  Db.  Suppose  also  that  a  good  print  is  obtained  by  means 
of  color  reproduction  equations  in  the  form  of 

C  =  1.2Dr  m  =  1.6Dg  y  =  1.7Db  (16*  10^) 

If,  now,  another  print  is  to  be  made  on  a  second  type  of  print  material 
with  a  different  set  of  dyes,  it  is  evident  that  colorimetrically  equivalent 
results  will  be  obtained  in  the  second  material  only  if  the  differences 
in  the  dye  sets  are  taken  into  account. 

For  purposes  of  the  present  illustration  we  shall  assume  that  the 
first  print  material  makes  use  of  dye  set  A  and  that  the  second  makes 
use  of  dye  set  B.  The  linear  equations  which  best  relate  these  two 
dye  sets  for  colorimetric  matches  are  probably  equations  16-8 a.  If 
equations  16T0a  are  combined  with  equations  16-8tf,  giving  the  equiv¬ 
alent  neutral  densities,  c',  m',  and  y',  of  the  second  print  material  as 
functions  of  the  exposure  densities,  Dr,  Dg ,  and  Db ,  from  the  intermedi¬ 
ate,  the  resulting  equations  are: 

c'  =  0.937D,  +  0.333Dg  -  0.039D6 

m'  =  — 0.010Dr  +  1.472Dg  +  0.214Dfe  (16- 10^) 

/  =  0.179Dr  -  0.042Dg  +  \A7\Db 

In  equation  16- l(k  it  was  assumed  that  c  was  a  function  of  Dr  only, 
m  a  function  of  D„  only,  and  y  a  function  of  Db  only.  The  same  basic 
approach  is  involved,  however,  if  c,  m,  and  y  are  each  functions  of  all 
three  exposure  densities.  For  example,  suppose  the  color  reproduction 
equations  made  use  of  in  obtaining  the  original  from  the  intermediate 
are: 

c  =  gnDr  +  £l2Dg  +  gl3Db 

m  =  g2iDr  +  g22Dg  +  g23Db  (16-1  \d) 

y  =  g3lDr  +  g32Dg  +  g33D6 

Suppose  also  that  the  best  linear  relationships  between  the  dyes  of  the 
original,  c,  m,  and  y,  and  those  of  the  copy,  c',  m',  and  /,  are  given  by: 

c'  ~  P\\c  +  p\2m  -f  puy 

m>  =  +  P22.W1  +  p23y  (16- 1  \b) 

y'  —  p3\c  +  p32m  +  p33y 

Tlien,  the  linear  color  reproduction  equations  for  the  copying  material 


which  will  give  the  best  colorimetric  match  between  the  original  and 
the  copy  are  given  by 

c'  ~  £11  'Dr  +  gi2fDe  +  gWDb 
m>  ~  g2i'Dr  +  g22fDg  +  g2s'Db  (16- Ilf) 

y'  =  gSl'Dr  +  g32rDg  +  gss'Db 
The  coefficients  in  the  last  equation  are  given  by 

£1/  =  Pugn  +  Pi2g2i  +  Pi3^3i  (16*  11  d) 

along  with  eight  other  equations  which  conform  exactly  to  equations 
16*  Sd. 

If  the  intermediate  is  a  negative,  equations  16- lid  and  16- 11c  would 
have  opposite  signs  for  all  the  coefficients,  and  additional  speed  con¬ 
stants  would  be  required.  Except  for  these  minor  changes,  the  equa¬ 
tions  would  be  the  same.  These  equations,  or  slightly  modified  ones, 
would  also  hold  if  the  intermediate  was  in  a  false-color  system  of  dyes, 
either  positive  or  negative. 


Generalized  Colorimetric  Reproduction  Theory  for  Copying 

A  generalization  and  summary  of  color  reproduction  theory  for  copy¬ 
ing  can  be  given  which  incorporates  and  extends  that  presented  in 
Chapter  XV  for  duplicating. 

As  is  true  for  duplicating,  the  exposures,  eh  e2,  and  c3,  •  •  •  from  any 
small  area  of  the  original  are  functionally  related  to  the  dye  amounts, 
Cu  C2f  C;h  ....  The  relationship  may  be  described  as  a  correspondence 

relationship,  symbolized  by  4>,  where 

(16-12*) 


4> 


(Vl,  e2 ,  ^3>  ’  •  ')  <  (fl>  ^3)  ■  '  ■) 

As  is  also  true  for  duplicating,  the  dye  amounts  c/,  c2,  c •  •  •  m 
any  small  area  of  the  copy  will  be  functions  of  the  exposures  *,  e2, 

•  ’  *,  or 

(Ci\  C2',c3',  •••)  ■■■)  (\6-\2b) 

For  duplicating,  exact  colorimetric  reproduction  is  obtained  if  <V, 
C,/  c'  •  •  •  are  equal,  respectively,  to  c„  c2,  c„  •••.  In  copying,  how¬ 
ever  this  is  not  true.  For  equivalence  in  colorimetric  specifications, 
for  ’an  assumed  observer  and  under  given  illuminating  and  viewing 
conditions,  there  will  nevertheless  be  a  set  of  values  c, ,  cs ,  ft, 
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corresponding  to 
be  expressed  as  a 


each  set  of  values  cu  c2,  c8,  *  *  *•  This  equivalence  can 
correspondence  relationship,  symbolized  by  where 


(c 


/ 

1  > 


C2'i  CZ i 


* 


)  (cU  C2y  C3y  •  •  •) 


(16-  12c) 


Equation  16-  12d  indicates  that  for  any  set  of  dye  amounts  clr  c2, 
c3f  •  •  •  in  the  original,  the  correspondence  0>  gives  a  set  of  exposure 
values  ex,  e2,  e3,  •  •  •.  If  the  exposure  values  obtained  by  this  operation 
are  entered  into  the  right-hand  side  of  equation  16-  12b,  the  correspond¬ 
ence  r  gives  a  set  of  values,  c/,  c2,  c3',  •  •  •  for  the  dye  amounts  in  the 
copy.  The  results  of  these  two  operations,  which  may  be  symbolized 
by  the  product  of  the  two  correspondences,  or  r<t>,  indicates  the  rela¬ 
tionship  between  any  set  of  values  for  the  dye  amounts  in  the  original, 
Ci,  c2,  c3,  •  •  •  and  those  in  the  copy,  Ci',  c2,  c3',  •  •  •.  The  correspond¬ 
ence  ^  in  equation  16- 12c  also  gives  this  same  relationship.  It  follows, 
therefore,  that 

\p  =  (16  •  1 3a) 


This  is  the  fundamental  equation  for  copying.  It  indicates  that,  if 
r  and  <t>  are  known,  then  *  is  determined.  It  is  more  likely,  however, 
that  the  known  or  independently  established  correspondences  will  be 
^  and  <t>.  If  this  is  true,  a  formal  solution  for  r  gives 


T  =  (16  - 13^) 

If,  then,  the  reciprocal  of  the  correspondence  <t>  can  be  found,  it  is 
evident  that  it  can  be  used  to  determine  r.  For  cases  in  which  't'  or 
<t>~1  cannot  be  expressed  precisely,  approximations  which  are  reasonably 
satisfactory  may  be  found  and  these  may  be  used  to  establish  a  corre¬ 
spondence  r  which  will  also  be  of  only  limited  precision. 


LINEAR  SOLUTIONS 

Assuming  monochromatic  exposures,  then  linear  equations  relating  ex¬ 
posure  densities  e }  and  equivalent  neutral  densities  ck  can  usually  be 
found.  These  will  be  of  the  form 

ei  =  Z  bjkck  (16- 14a) 

k 

Methods  which  make  possible  the  exact,  or  possibly  approximate,  deter¬ 
mination  of  the  coefficients  bm  hare  been  described  in  this  and  the 
preceding  chapter.  If  these  coefficients  constitute  a  square  matrix  which 
is  nondegencrate,  then  its  reciprocal  exists. 
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A  second  matrix  (pik)  must  also  be  found  which  gives,  to  a  reasonably 
high  degree  of  precision,  the  relationships  between  the  equivalent  neu¬ 
tral  densities  of  the  copy,  c{,  and  those  of  the  original,  ciy  for  exact 
colorimetric  matching.  These  equations  will  be  in  the  form  of 

^  1  P  ikC k  ( 1 6  •  1  4 b) 

k 

The  copying  color  reproduction  equations  are  then  given  by 

ci  ~  &ijej 

3 

where,  assuming  the  reciprocal  of  the  matrix  ( bjk )  exists, 

(&ij)  ~  (pik)  (bjk) 

OTHER  POSSIBLE  SOLUTIONS 

A  number  of  possible  solutions  other  than  linear  solutions  are  of 
interest,  but  they  will  not  be  discussed  here.  Extensions  making  use 
of  higher-order  terms  than  the  linear  ones  can  be  made,  but  the  essential 
concepts  are  not  basically  different  from  those  already  developed.  Of 
particular  interest  is  the  case  in  which  the  sensitivities  in  the  copying 
material  are  assumed  to  have  spectral  distributions  corresponding  to  a 
set  of  color-mixture  curves.  This  case  has  been  mentioned  on  p.  593. 
A  more  complete  discussion  along  the  lines  of  this  generalized  treatment 
can  be  handled  more  conveniently  in  considering  the  photographing 
of  natural  objects.  It  will  therefore  be  deferred  to  the  last  chapter. 
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Color  Reproduction  Theory  for 
Additive  Photographic 
Processes 

CHAPTER  XVII 


ONE  definition  of  the  term  photograph  is  a  portrayal,  description, 
mental  picture,  or  image,  etc.,  characterized  by  great  truth  of 
representation  or  minute  detail  in  reproduction.*  Photographic  art 
is  distinguished  from  other  forms  of  art  on  the  basis  of  its  exactness, 
fidelity,  and  concern  with  the  accurate  and  objective  presentation.  In 
conformity  with  such  definitions,  perhaps  having  given  rise  to  them, 
is  the  rather  common  belief  that  a  photograph  (particularly  if  it  is  in 
color)  is  a  reproduction  which,  in  all  its  detail,  has  the  appearance 
of  the  scene  portrayed.  On  the  same  basis,  the  obvious  failure  of  a 
particular  photograph  to  meet  the  requirements  of  this  ideal  is  taken 
as  evidence  of  a  mistake  on  the  part  of  the  photographer,  or  a  defect 
in  the  process  by  which  the  photograph  was  made. 

No  large  number  of  comparisons  between  photographs  and  the  corre¬ 
sponding  original  scenes,  however,  are  necessary  to  provide  convincing 
exidence  that  the  reproduction  obtained  by  means  of  any  known  process 
is  not  as  faithful  and  automatic  as  the  term  photograph  may  seem  to 
imply.  Attention  has  been  given  in  the  preceding  chapters  to  some 
of  the  factors  to  which  these  failures  may  be  ascribed.  Many  of  these 
factors  are  of  a  practical  nature  in  that  the  characteristics  of  the 
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various  available  photographic  materials  are  not  entirely  right,  or  cannot 
be  controlled  properly.  Being  “practical”  does  not,  of  course,  make 

them  any  less  significant,  and,  in  all  likelihood,  it  will  be  these  types 

of  factors  which  will  set  the  limits  on  possible  improvements  in  future 
photographic  processes. 

Without  minimizing  the  very  great  importance  of  the  practical  dif¬ 
ficulties  encountered  in  setting  up  a  satisfactory  color  photographic 
system,  there  still  remains  the  problem  of  determining  and  stating  how 
photographic  materials  should  be  controlled  if  exact  reproduction  is  to 
be  accomplished.  This  is  largely  a  problem  in  logic.  Characteristics 
of  available  photographic  materials  are  noted,  and,  on  the  basis  of  what 
is  known  about  vision,  the  type  of  control  or  modification  of  these 

characteristics  which  is  necessary  to  give  exact  reproduction  is  deter¬ 

mined.  If  photographic  systems  could  then  be  set  up  which  fulfilled 
the  desired  conditions,  exact  photographic  reproduction  would,  pre¬ 
sumably,  take  place.  Even  if  the  required  conditions  cannot  be  fully 
met,  a  knowledge  of  them  may  still  be  of  great  value  in  suggesting 
directions  of  modifications  which  will  give  significant  improvements 
over  systems  already  established. 

It  will  be  evident  to  anyone  who  attempts  to  digest  the  rather 
voluminous  literature  on  the  subject,  however,  that  the  problem  is  not 
a  simple  one.  What  is  regarded  as  sound  in  theory  appears  to  have 
made  little  imprint  on  practice,  and  vice  versa.  This  may  be  neither 
reflection  on  theory,  regarded  as  a  self-contained  logical  system,  nor 
on  practice,  regarded  as  the  best  procedures  which  ingenuity  has  been 
able  to  devise.  It  does  suggest  that  something  is  still  missing  in  the 
analysis  of  the  problem  and  that  caution  could  be  employed  to  advan¬ 
tage  in  evaluating  the  various  aspects  of  theory'  in  terms  of  their  relation¬ 
ships  to  practice. 


BASIC  PROBLEMS  OF  COLOR  REPRODUCTION  THEORY 

In  dealing  with  the  theory  of  exact  color  reproduction  one  is  faced 
with  two  major  problems:  first,  defining  the  term  color  reproduction 
and  second  specifying  the  characteristics  of  the  photographic  materia  s 
involved  so  that  they  will  control  mixtures  of  light  or  colorants  m  sue 
a  way  that  the  defined  color  reproduction  will  be  obtained.  Tor  t 
first  problem  the  response  characteristics  of  the  human  eye  must  be 
the  starting  point.  The  earliest  theoretical  description  and  practical 
illustration^  additive  three-color  photography  given  by  Maxwell  (see 
Chapter  VIII  pp.  271-272)  were  outgrowths  of  'i  oungs  theory  of  vis  . 
Themore  recent  quantitative  analyses  of  additive  color  reproduction 
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theory  (e.g.,  Hardy  and  Wurzburg,  1937;  Harrison  and  Horner  1937; 
etc.)  were  largely  outgrowths  of  the  international  standardization  o 
color-mixture  data  by  the  CIE. 


COLOR  REPRODUCTION 

To  define  the  term  color  reproduction,  Hardy  and  Wurzburg  (1937, 
p  279)  stated-  “Although  perfect  reproduction  is  attained  theoretically 
only  when  X'  =  X,  Y'  =  Y  and  Z'  =  Z,  the  reproduction  will  be  en¬ 
tirely  satisfactory  in  practice  over  a  wide  range  of  brightness  levels  if 
X'  =  kX,  Y'  -  kY,  and  Z'  =  kZ,  where  k  is  a  proportionality  constant.” 
In  these  equations  X,  Y,  and  Z  represent  the  tristimulus  values  of  any 
small  region  in  an  original  scene  and  X',  Y',  and  Z'  represent  those  of 
the  corresponding  small  area  in  the  photograph.  (For  other  definitions, 
see  Chapter  IV,  p.  148.)  If  the  color-mixture  characteristics  of  the  eye 
were  the  only  characteristics  which  needed  to  be  taken  into  account 
in  considering  photographic  reproduction,  these  equations  without 
further  qualification  might  well  serve  to  define  completely  what  is  meant 
by  the  term  perfect  color  reproduction.  However,  this  is  not  true. 
Adaptation,  for  example,  is  an  important  factor  in  determining  the 
appearance  of  any  scene.  Color-mixture  data,  upon  which  the  above 
equations  are  based,  give  no  indication  of  the  comparative  appearances 
of  an  object  viewed  under  markedly  differing  adaptation  conditions 
such  as  daylight  illumination  and  artificial-light  illumination.  It  might 
be  argued  that  adaptation  processes  occurring  when  the  original  subject 
is  viewed  and  those  occurring  when  the  reproduction  is  viewed  arc 
identical  so  that  adaptation  as  a  variable  is  eliminated,  but  experience 
has  shown  that  this  is  not  true  (see  Chapter  IV,  pp.  156-157). 

In  practical  color  photography  it  has  long  been  known  that  a  color 
photographic  film  must  be  balanced  properly  for  the  illumination  pre¬ 
vailing  at  the  time  that  the  picture  is  taken  and  also  balanced  properly 
for  purposes  of  viewing.  Probably  the  earliest  clear  statements  of  these 
facts  were  given  by  Mees  and  Pledge  (1910)  in  discussing  additive  color 
screen  plate  processes.  They  were  stated  in  terms  of  the  “first  black 
condition  and  the  second  black  condition.”  With  respect  to  the 
first  black  condition,  Mees  and  Pledge  (1910,  p.  205)  stated:  “In  order 
that  whites  should  be  rendered  untinged  by  colour,  it  is  necessary  that 
the  screen  itself  when  examined  should  appear  to  be  free  from  colour, 
i.e.,  of  a  neutral  shade.”  For  additive  processes  this  condition  is  ob¬ 
tained  by  adjustment  of  the  relative  areas  of  the  small  color  filters, 
cither  through  control  of  their  sizes  or  their  relative  numbers. 
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With  respect  to  the  second  black  condition,  they  stated  (ibid.,  p.  218): 
it  is  necessary  that  a  grey,  to  be  correctly  rendered,  should  produce 
an  equal  deposit  under  each  of  the  three  filter  units.”  Fulfillment  of 
this  condition  depends  upon  the  spectral  sensitivity  of  the  emulsion 
and  the  relative  amounts  and  spectral  distribution  of  the  light  trans¬ 
mitted  by  the  small  color  filters.  Final  adjustment  in  the  balance 
is  obtainable  by  means  of  colored  filter  compensators  which  may  be 
placed  over  the  camera  lens. 

These  two  conditions  were  stated  with  specific  reference  to  additive 
screen  plate  processes,  but  the  essential  concepts  apply  to  all  photo¬ 
graphic  processes,  additive  or  subtractive.  Another  way  of  expressing 
these  two  requirements  is  the  frequently  encountered  statement  that 
a  scale  of  neutral  areas  in  an  original  scene  must  be  reproduced  as  a 
scale  of  neutrals  in  a  photograph.  Stated  in  either  way,  it  is  evident 
that  the  relative  sensitivities  of  the  portions  of  the  emulsion  correspond¬ 
ing  to  the  three  primary  colors  used  must  be  adjusted  according  to 
the  nature  of  the  prevailing  illumination  (see  also  Chapter  IV,  p.  155). 

For  reproduction  theory  these  empirical  facts  make  it  necessary  that 
the  equations  given  by  Ilardy  and  Wurzburg  be  definitely  restricted 
to  those  cases  in  which  the  illumination  conditions  which  prevail  when 
the  picture  is  viewed  are  identical  to  those  which  prevailed  when  it 
was  taken. 

Differences  in  illumination  might  conceivably  be  taken  into  account 
in  a  variety  of  ways.  As  an  example,  Evans  (1943,  p.  592)  has  suggested 
that  if  the  tristimulus  values,  X,  Y,  Z,  of  a  point  in  the  original  scene 
are  related  to  the  tristimulus  values,  X',  Y',  Z',  of  the  corresponding 
point  in  the  reproduction  by  the  equations: 

X/X, o  =  X'/Xo'  Y/Yo  =  Y'/Yo'  Z/Z0  =  Z'/Z0'  (17-1) 

where  X0,  Y0,  Z0  and  X0',  Y„',  Z</  are  the  tristimulus  values  of  the 
illuminant  for  the  original  and  for  the  reproduction,  respectively,  then 
the  two  points  may  be  considered  to  look  alike.  It  can  be  shown  that, 
if  such  an  equality  as  that  indicated  holds  with  respect  to  tristimulus 
values  expressed  in  terms  of  one  given  set  of  primaries,  then  the  form 
of  the  relationship  changes  for  an  expression  of  the  results  in  terms  of 
any  second  set  of  primaries  (see  demonstration  by  MacAdam,  Evans, 
1943,  pp.  600-601).  Although  the  expressions  given  in  equations  17- 1 
are  in  terms  of  CIE  tristimulus  values,  Evans  (1943,  p.  601)  pointed 
out  that  tristimulus  values  based  upon  color-mixture  curves  such  as 
those  obtained  by  Wright  (1934,  p.  69),  which  explain  certain  adapta¬ 
tion  phenomena,  would  be  more  suitable  for  this  purpose. 

Evans’  suggestion  represents  but  one  of  a  number  of  possibilities. 
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Sufficient  quantitative  data  with  respect  to  the  nature  of  the  adaptation 
process  are  not  yet  available  to  enable  one  to  evaluate  the  usefulness 
of  these  or  possible  alternative  equations. 

Differences  in  illumination  are  not  the  only  differences  which  may 
distinguish  the  photographic  reproduction  from  the  original  scene.  The 
appearance  of  any  part  of  a  scene  is,  to  some  extent  at  least,  influenced 
by  what  is  around  it,  and  the  extent  and  nature  of  this  influence  may 
be  quite  different  in  the  photograph.  For  example,  Evans  (1943,  p.  580) 
found  that  in  black  and  white  photography  “•••  the  order  of  bright¬ 
nesses  in  the  reproduction  does  not  necessarily  appear  the  same  as  it 
does  in  the  subject.”  In  color  photography  the  same  type  of  differences 
and  many  others  undoubtedly  could  be  found.  Such  differences  are 
not  minor  and,  in  many  instances,  require  a  lighting  of  the  subject 
considerably  modified  from  its  normal  appearance  if  it  is  to  “look  right” 
in  the  reproduction. 

A  number  of  the  factors  which  influence  the  visual  appearance  of  a 
photograph  and  of  subjects  photographed  have  been  discussed  earlier 
(see  Chapters  III  and  IV)  and  will  not  be  reviewed  here.  It  is  sufficient 
to  point  out  that  photography  is  not  now,  nor  is  it  likely  to  become, 
a  strictly  automatic  process  in  which,  to  obtain  the  best  photograph, 
a  subject  is  arranged  to  look  its  best,  and  then  photographed.  The 
photograph  must  be  judged  on  its  own  merits,  and  the  role  of  the 
photographer  in  obtaining  the  conditions  which  will  give  the  best  results 
will  always  be  an  important  one. 


In  the  quantitative  discussion  of  color  photographic  reproduction  not 
all  of  these  numerous  factors  can  be  taken  into  account.  If  both  the 
photograph  and  the  original  scene  are  illuminated  uniformly  by  the 
same  t}pe  of  source,  and,  furthermore,  the  original  subject  consists 
solely  of  flat  patches  of  surface  colors  all  in  the  same  plane,  the  term 
exact  coloi  reproduction  has  sufficiently  precise  meaning  to  make  a 
quantitative  discussion  possible.  Conclusions  reached  within  the  con¬ 
fines  of  such  a  limited  set  of  conditions  are  probably  of  value  in  giving 
insight  into  some  of  the  problems  of  color  photography,  but  they  cannot 
have  general  validity. 

It  is,  therefore,  not  with  the  bold  hope  of  arriving  at  a  complete 
and  final  solution  to  the  problem  that  the  present  treatment  is  under- 
a  cn.  Ascertaining  and  critically  examining  what  is  pertinent  to  the 
problem  is  attempted,  with  emphasis  on  the  particular  bearing  which 
eaci  possible  solution  may  have  on  the  objectives  sought.  The  result 
will  not  be  a  set  of  rules  which  will  ensure  avoidance  of  errors  but 
rather,  ,t  is  hoped,  a  frame  of  reference  within  which  enlightened 
choices  can  be  made  with  respect  to  various  possible  types  of  alternatives 
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Required  Characteristics  of  Color  Photographic  Materials 

The  required  characteristics  of  color  photographic  materials  can  be 
described  in  terms  of  the  sensitivity  requirements  of  the  photographic 
emulsion  which  give  suitable  exposures,  the  finished  picture  require¬ 
ments,  and  the  conditions  which  are  necessary  to  meet  the  finished 
picture  requirements  as  functions  of  the  exposures. 


EXPOSURE  REQUIREMENTS 


Let  the  exposures  R,  G,  and  B  be  defined  as: 


/ 


SrH  dX 


f 


SeH  dX 


j 

—  G  =  — -  B  =  — 

fSrHodX  fssH0JX  /  I 


SbHd  X 


(17-2) 


X  IjHq  dX 


in  which  Sr,  Sg,  and  Sb  are  the  effective  sensitivity  distributions  as  func¬ 
tions  of  wavelength,  A,  of  the  three  color  components  of  the  photograph; 
H  is  the  irradiance  upon  the  film  during  the  exposure  from  some  given 
point  of  the  subject  photographed;  and  H0  is  the  irradiance  which  would 
be  incident  upon  the  film  from  some  standard  object,  under  some  given 
set  of  standard  conditions.  The  standard  object  which  will  be  assumed 
throughout  this  discussion  is  one  which  is  perfectly  reflecting  and  per¬ 
fectly  diffusing;  it  will  be  referred  to  as  the  “standard  white”  or  merely 
“white.”  The  standard  conditions  would  include  a  number  of  factors, 
such  as  the  time  of  exposure,  the  camera  stop  opening,  the  absorption 
and  flare  factor  for  the  lens,  and  the  like.  No  attempt  will  be  made 
to  discuss  these  factors  in  detail,  although  constants  will  be  included 
in  the  equations  to  represent  their  collective  effects.  Adjustments  for 
these  constants  can  usually  be  made  empirically;  their  specific  values 
do  not  affect  the  basic  nature  of  the  theory  developed. 

It  will  be  recalled  that  the  values  of  Sr,  S„  and  Sb  at  any  given  wave¬ 
length  depend  upon  the  reciprocals  of  the  amounts  of  energy  (irradiance) 
at  this  wavelength  necessary  to  give  some  preassigned  density  value,  D0, 
in  the  three  film  components.  If  H  is  measured  in  the  same  units  as 
were  used  in  determining  the  sensitivities,  then  a  value  of  unity  for 
any  one  of  the  numerator  integrals  of  equations  17-2  indicates  the 
conditions  necessary  to  obtain  the  given  density  D0,  as  prescribed  by 
Van  Kreveld’s  law. 

In  actual  practice,  however,  the  shapes  of  the  sensitivity  distribution 
curves  are  usually  determined  without  too  much  regard  for  the  absolute 

616 


energy  units.  Speed  adjustments,  the  values  of  which  can  be  determined 
empirically,  are  then  made  to  take  into  account  the  absolute  scale  of 
units  and  other  variables  relating  to  exposure  conditions.  No  loss  ot 
consequence  is  sustained,  therefore,  if  S„  S„  and  S„  are  expressed  m 
some  system  of  relative  units,  provided,  of  course,  that  the  same  units 
are  used  for  all  three.  The  manner  in  which  these  units  are  chosen 
will  vary  slightly  among  different  types  of  problems  and  will  be  discussed 

in  conjunction  with  eacli  type. 

Equations  17-2  can  also  be  written  as: 


Ktr  I  SrPTdX 

R  = -  G  =  — - -  B  = 


Kte  SaPT  d\ 


Ktb(sbPTdX 
Kotof  SrP  d\  Roh)  SgP  A0/0  J*SbPdA 


(17-3) 


in  which  P  is  the  relative  spectral  energy  distribution  of  the  illuminant, 
T  is  the  spectral  transmittance  or  reflectance  distribution  at  the  particu¬ 
lar  point  in  the  subject  under  consideration,  tr,  tg,  and  tb  are  the  times 
of  exposure  (all  of  which  may  or  may  not  be  equal  to  each  other),  and 
K  is  a  quantity  whose  value  depends  upon  a  number  of  factors  pertaining 
to  the  nature  of  the  exposures,  but  which  is  independent  of  the  object 
transmittance  or  reflectance  characteristics.  The  quantity  K0  corre¬ 
sponds  to  K,  but  with  respect  to  the  standard  object,  and  t()  is  the 
exposure  time  under  the  standard  conditions. 

The  exposures  R,  G,  and  B  are  then  given  by 


K(r  Ktg  Ktb 

R  =  -7 —  Tr  G  =  —  Tg  B  =  —  Tb 
Aq/q  A  0/0  AqA) 


(17-  4^) 


where  Tr,  Tg,  and  Th  denote  the  effective  transmittances  or  reflectances 
of  the  point  in  the  subject,  measured  with  respect  to  the  three  sensitivity 
distributions,  Sr,  Sff,  and  Sb: 


f  SbPT  dX 

Tb  = -  (17-4A) 

J  SbP  d\ 

For  convenience  in  discussing  them,  these  three  quantities  will  be  re¬ 
ferred  to  as  “exposure  transmittances.”  This  term  will  be  used  even 
m  cases  in  which  reflectances  rather  than  transmittances  are  involved. 
If  any  two  object  colors  in  the  scene  which  are  visually  metameric 
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Tr  = 


/' 


SrPTdX 


77  = 


PdX 


/ 

1 


SePT  dX 


SaP  dX 


are  to  have  the  same  exposure  transmittances,  it  follows  that  the  sensi- 
tivity  distributions  must  correspond  to  some  set  of  color-mixture  curves. 
In  terms  of  the  CIE  tristimulus  values,  x,  y,  and  z,  for  unit  amounts 
of  energy,  this  condition  can  be  stated  as: 


Sr  =  anx  -T  ai2 y  -f-  ^132 

Sg  =  a2{x  -f-  a22y  +  #232  (17  -5a) 

$b  =  #31#  +  #32 y  ~\r  #332 

where  the  as  are  constants.  The  three  sensitivity  distributions  must 
be  independent,  or 


#11 

#12 

#13 

#21 

#22 

#23 

7^0 

(17  •  5^) 

#31 

#32 

#33 

In  order  to  establish  the  relative  units  of  measure  for  Sr,  Sff,  and  Sb, 
it  is  possible  to  apply  some  limiting  conditions  on  the  as.  This  can 
be  done  conveniently  by  means  of  the  following  equations: 


#llX0  +  #12^  0  T  #13^0  —  1 


#21X0  T  #22  Yo  T  #23-^0  —  1  (17  -5c) 

#3lXo  T  #32  Yo  T  #33-^0  =  1 

in  which  X0,  Y0,  and  Z0  are  the  tristimulus  values  of  the  standard  white, 
as  already  defined,  under  the  illuminant  for  which  the  process  is  de¬ 
signed. 

From  the  equations  of  17-  4b  and  17-  5a  and  b  the  following  equations 
can  be  derived: 

Tr  =  a\\X  +  #12^  +  #i3-Z 

Tg  =  a2\X  +  #22^  T  a22Zj  (17-6#) 


Tb  =  a2\X  +  #32  Y  +  #33^ 

in  which  X,  Y,  and  Z  are  the  tristimulus  values  of  the  particular  point 
in  the  subject,  or 


X  = 


f 


xPT  d\ 


f 


yPT  d\ 


s 


zPTdX 


- -  Y  = -  2  =  — 

fyp  d\  j>  j 


(17-6^) 


v  P  d\ 


Except  for  the  unusual  cases  in  which  objects  reflect  more  light  than 
the  standard  white,  the  values  of  T„  T„  and  T.  will  always  be  equal 
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to  or  less  than  unity.  Equations  17- 5c  control  the  scale  of  units  for 
Sr,  Sg,  and  Sb  in  such  a  way  that 


JsrP  dX 

j' SgP  d\ 

j  SbP  dX 

JyPdX 

jyP  dX 

jyPdX 

This  means  that,  for  the  illuminant  of  the  process,  integrals  of  the 
product  distributions  S,P,  SffP,  and  SbP  are  all  equal  to  each  other. 
Idie  values  of  Tr,  Tg,  and  Tb  of  any  selective  or  nonselective  neutral, 
under  the  illuminant  of  distribution  P,  are  all  equal  to  each  other,  and 
are  equal  to  the  transmittance  of  the  neutral. 

Equations  17-4 a  and  17-6 a  together  give  a  relationship  between  the 
exposures,  R,  G,  and  B,  and  the  tristimulus  values  corresponding  to  the 
same  point  in  the  subject.  These  equations,  along  with  the  others  used 
in  their  development,  serve  to  describe  completely  the  colorimetric  and 
exposure  characteristics  of  the  subject  photographed.  Attention  can 
now  be  turned  to  the  reproduction. 


THE  FINISHED  PHOTOGRAPH 

The  tristimulus  values,  X',  Y',  Z',  of  any  point  in  a  photographic 
reproduction  obtained  by  means  of  an  additive  process  are  given  by 

A"  =  rXr  +  gXe  +  bXb 

Y'  =  rYr  +  gYe  4-  bYb  (17 -7a) 

Z’  =  rZr  4-  £Zg  +  bZb 

in  which  X,.,  Yr,  Z,;  Xg,  Y g,  Zg;  and  Xh,  Yb,  Zb  are  the  tristimulus  values 
of  the  three  additive  primaries  of  the  system,  and  r,  g,  and  h  are  the 
transmittances  of  the  nonselective  silver  deposits  placed  in  contact  with 
each  of  them.  Furthermore,  the  relative  intensities  of  the  three  pri¬ 
maries  must  be  so  adjusted  that  when  r  =  g  =  b  =  1,  the  tristimulus 
values  of  the  reproduction  will  correspond  to  those  of  a  white  seen  under 
comparable  conditions,  or 

Ar  +  Xg  T-  AT  =  Xq 

Yr  4-  Yg  +  Yb  =  Y0'  (17-7 b) 

Zr  4-  Zg  4-  Zb  =  Z0' 

Equations  17  -la  give  the  tristimulus  values,  Xr,  Y',  and  Z',  of  a  small 
area  in  the  additive  reproduction  as  functions  of  the  transmittances, 
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r,  g,  and  b,  of  the  silver  deposits  in  contact  with  the  three  filter  colors 
corresponding  to  this  small  area.  From  the  form  of  the  equations  it 
is  also  evident  that,  if  the  tristimulus  values,  X',  Y',  and  Z',  are  known, 
then  a  specific  set  of  values  for  r,  g,  and  b  are  implied.  Explicit  solutions 
for  these  values  may  be  found  by  solving  equations  17-7 a  in  terms  of 
X',  Y',  and  Z'.  Such  a  solution  can  be  expressed  as 

r  —  <7llA'  +  q\2\  '  +  q13Z' 

g  =  <721  A'  +  q22\  '  +  <723 Z1  (17 -8«) 

b  =  <73  lX'  +  <732 1  '  ~f~  q33^' 

where 


qn  =  (1  /A)(YgZb  -  YbZg)  ql2  =  (-1/A )(XgZb 

q2l  =  (-l/A)(YrZ6  -  YbZr)  q22  =  (1/A ){XrZh 

qsi  =  (1/A )(YrZe  -  YgZr)  q32  =  (-1/A )(XrZe 

qi3  =  (1/A )(XeYb  -  XbYg) 


and 


q23  =  (  —  1/ A)(XrYb  -  XbYr) 
^33  =  (l/A)(Xrl  g  —  Ag  1  r) 


A  = 


xr 

Xe 

xb 

Yr 

Ye 

Yb 

Zr 

zg 

zb 

XbZg) 

Xbzr) 

XgZr) 

(17  -  8^) 


reproduction  characteristics  as  functions 

OF  THE  EXPOSURES 

Equations  17 -8d  are  of  a  form  similar  to  those  of  equations  17 -6d. 
They  give  the  transmittances,  r,  g,  and  b,  of  each  small  area  of  the 
completed  photograph  as  functions  of  the  tristimulus  values,  X,  Y, 
and  Z'  of  this  area  in  the  same  manner  that  equations  17-6<i  give  the 
exposure  transmittances,  Tr,  T„  and  T,„  of  each  small  region  of  the 
original  scene  as  functions  of  the  tristimulus  values,  X  1 ,  and  Z,  ot 
this  region.  The  photographic  system,  which  connects  the  photograph 
with  the  original  scene,  is  completely  defined  colorimetncally  by  means 
of  the  values  of  the  various  parameters,  the  a  s  and  the  q  s,  and  1 
functional  relat.onships  between  the  transmittances  m  the  photogmph 
r  a  and  b,  and  the  exposure  transmittances,  1  „  I  f  “nd  7 Any 
type  Of  color  reproduction  can  be  obtained,  provided  that  these  para.n- 
eters  and  functional  relationships  are  chosen  properly. 
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As  has  been  repeatedly  pointed  out,  the  nature  of  the  most  desirable 
colorimetric  relationships  between  an  original  scene  and  the  correspond¬ 
ing  areas  of  the  photograph  of  it  are  by  no  means  obvious,  nor  is  it 
likely  that  they  are  simple.  Nevertheless,  some  choice  must  be  made 
if  the  other  characteristics  of  the  process  are  to  be  fixed  in  accordance 
with  colorimetric  requirements.  Exact  colorimetric  reproduction,  given 

by  x'  =  X  Y'  =  Y  Z'  =  Z  (17-9) 

is  a  possible  choice,  though  not  necessarily  the  best  one.  For  want 
of  specific  information  as  to  something  constituting  a  better  choice, 
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Fig.  17-1  Additive  primaries  obtained  by  dividing  the  radiation  from  CIE  Illumi- 
nant  C  into  three  separate  spectral  regions. 

it  is  the  one  we  shall  make  use  of  here.  The  methods  by  which  this 
criterion  is  applied  would  not  be  essentially  different  if  some  other 
criterion  were  to  be  used. 

From  the  analogous  form  of  equations  1 7  *  6cz  and  17 -8c/,  it  is  immedi¬ 
ately  evident  that  equations  17-9  would  be  fulfilled  if 

r=  Tr  g=  Tg  b  =  Tb  (17-10) 

and  if  each  c/,;-  equaled  the  corresponding  dij.  The  a,/s  define  the  sensi¬ 
tivity  distributions,  Sr,  Sff,  and  Sft,  of  the  photographic  materials,  as 
indicated  by  equations  17- 5c/.  Substitutions  of  each  a y  for  the  corre¬ 
sponding  qif  in  equations  17- 8b  thus  indicate  the  required  relationships 
between  the  sensitivity  distributions  and  the  primaries  of  the  additive 
photographic  system  if  there  is  to  be  exact  colorimetric  matching  (equa¬ 
tions  17-9),  and  the  transmittances,  r,  g,  and  b,  in  the  photograph  are 
to  be  related  to  the  exposure  transmittances,  Tr,  T0>  and  Tb,  of  the 
original  scene  as  given  by  equations  17*10. 

lhe  nature  of  the  required  relationships  is  illustrated  in  Figs.  17*1, 
17*2,  and  17*3.  In  Fig.  17*1  are  shown  the  spectral  distributions  of 
three  primaries  which  would  be  obtained  if  the  radiant  energy  for  CIF 
lllummant  C  were  separated  into  three  spectral  regions,  the  first  extend- 
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ing  from  400  m [x  to  490  uifi,  the  second  extending  from  490  ni/A  to 
580  m/x,  and  the  third  extending  from  580  mju  to  700  m/x.  In  Fig.  17-2 


Fig.  17-2  Chromaticities  of  primaries  illustrated  in  Fig.  17-1. 


the  chromaticity  points  of  these  three  primaries  are  shown  as  the  vertices 
of  a  triangle.  The  corresponding  sensitivity  distributions  are  derived 
by  means  of  equations  17*  5cz  and  17 ’8b,  where  each  dij  equals  the  corre¬ 
sponding  cjij.  rFhese  distributions,  which  represent  a  set  of  color-mixture 
curves,  are  given  in  Fig.  17*3. 


Fig.  17-3  Sensitivity  distributions  corresponding  to  primaries  illustrated  m 
17-1  and  17-2. 


Figs. 


The  three  sensitivity  distributions  shown  in  Fig.  17-3  have  their 
largest  values  in  the  red,  green,  and  blue  spectral  reg.ons,  and  for  tins 
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reason  they  can  be  referred  to  conveniently  as  the  red-sensitive  (S,), 
green-sensitive  (S„),  and  blue-sensitive  (S„)  distributions.  For  each  is- 
tribution,  however,  there  is  some  sensitivity  throughout  the  visible  spec¬ 
tral  region.  For  each,  also,  these  sensitivities  are  negative  in  parts  ot 

the  spectrum.  , , 

Although  the  particular  shapes  of  the  sensitivity  distributions  would 

change,  depending  upon  the  particular  choice  of  primaries,  the  general 
characteristics  just  enumerated  would  apply  to  any  set  corresponding 
to  real  primaries.  Sensitivity  distributions  closely  corresponding  to  the 
positive  portions  of  curves  of  the  type  illustrated  are  obtainable  for 
actual  photographic  materials,  but  no  satisfactory  methods  are  known 
for  obtaining  distributions  which  also  have  the  negative  portions. 

Sensitivity  distributions  which  in  effect  are  the  same  as  those  contain¬ 
ing  both  positive  and  negative  portions  can  be  obtained  by  dividing 
each  sensitivity  distribution  into  parts  corresponding  to  the  regions 


which  are  either  entirely  positive  or  entirely  negative.  The  exposures 
resulting  from  the  regions  corresponding  to  the  negative  portions  must 
then  be  subtracted  from  the  regions  corresponding  to  the  positive 
portions. 

The  method  just  described  would  in  general  require  at  least  six 
separate  sensitivity  distributions  and  a  means  of  obtaining  suitable  linear 
combinations  of  the  resulting  exposures.  There  is  also  a  means  by 
which  the  same  result  can  be  obtained  by  the  use  of  only  three  separate 
sensitivity  distributions,  provided  also  that  the  resulting  exposures  can 
be  linearly  combined.  This  method,  suggested  by  Hardy  and  Wurzburg 
(1937,  pp.  237-238),  involves  a  set  of  equations  different  from  those 
which  have  so  far  been  given  for  meeting  the  requirements  of  exact 
colorimetric  reproduction. 

It  will  be  recalled  that  the  conditions  necessary  for  exact  colorimetric 
reproduction  in  an  additive  system  arc  given  by  equations  17*9,  which 
in  turn  depend  upon  all  the  equations  of  17-5,  17-6,  17-7,  and  17-8. 
The  solution  which  so  far  has  been  considered  is  given  by  equations 
17*10  with  each  qi}  of  equations  17*8  equal  to  the  corresponding 
of  equations  17*  Sa  or  17*6 a.  This  solution  is  not  unique  and,  in  fact, 
is  only  one  of  an  unlimited  number  of  possible  solutions.  The  nature 
of  these  solutions  can  be  made  immediately  evident  as  follows. 

Equations  17*6 a  express  the  exposure  transmittances,  Tr,  Tg,  and  Tb, 
as  functions  of  the  tristimulus  values,  X,  Y,  and  Z.  These  three  equa¬ 
tions  can  be  solved  for  X,  Y,  and  Z,  expressing  them  as  functions  of 
Tr,  1  y,  and  Tb.  The  results  may  be  expressed  as: 


(17  *  11^) 


X  —  bnTr  +  *12  Te  -f  *13  Tb 
1  =  b2\Tr  +  *22  7g  +  b23Th 
Z  =  b3lTr  +  b32Tg  +  b33Tb 
where  the  coefficients,  bih  arc  given  by 

*n  =  (1  /A)  (a22a33  —  a23a32 )  bl2  =  (  —  1/A)(<312u33  —  aV3a32) 

*21  =  (—  1/A)(rt2i«33  —  a23a3i)  b22  =  (1/A)(«ntf33  —  aX3a3i) 

*31  =  (1 ,^)(a2\a32  —  ^22^31)  b32  =  (— 1/A)(«nrt32  —  «i2^3l) 

*13  =  (1/A)(tfi2tf23  —  ^13^22) 

*23  =  (~  h  ^)(^11^23  ~  a  13^2l)  (17-113) 

*33  =  (l/^)(rt11^22  —  rt12^2l) 

and 


Ull 

U12 

Ul3 

U21 

U22 

^23 

U31 

U32 

U33 

Equations  1 7  •  8cz  express  the  transmittances  r,  g,  and  b  associated  with 
the  primaries  in  each  small  area  of  the  photograph  as  functions  of  the 
tristimulus  values,  X',  Y',  and  Z',  of  this  area.  If  these  tristimulus 
values  are  equal  identically  to  those,  X,  Y,  and  Z,  of  the  corresponding 
region  of  the  original  scene,  it  is  evident  that  the  quantities  just  derived 
in  equations  17- llu  which  equal  X,  Y,  and  Z  can  be  substituted  for 
X',  Y',  and  Z'  in  equations  17- 8u.  This  gives  r,  g,  and  b  as  functions 
of  Tr,  Tat  and  Tb  in  a  form  which  may  be  written  as: 

r  =  pnTr  +  pl2Tg  +  pi3^b 

g  =  P2iTr  +  p22Tg  +  P23  Tb  (17-12  a) 

b  =  PzxTr  +  pz2Tg  +  p3zTb 

where 

pn  =  711*11  +  712*21  +  7i3*3i  P12  =  711*12  +  712*22  +  713*32 

p2l  =  721*11  +  722*21  +  723*31  p22  =  721*12  +  722*22  +  723*32 

P31  =  731*11  +  732*21  +  733*31  />32  =  731*12  +  732*22  +  733*32 

/>13  =  711*13  +  712*23  +  713*33 
/>23  =  721*13  +  722*23  +  723*33 
p33  =  731*13  +  732*23  +  733*33 
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(17-12*) 


From  equations  17- 12b  it  is  evident  that  values  for  the  various 
coefficients  (p’s)  of  equations  17- 12a  can  be  found  for  any  given  sets 
of  values  of  the  b’s  and  q’s.  The  b’s  are  derived  from  the  a  s  (equations 
17-  11M  and  therefore  the  a’s  can  be  arbitrarily  chosen,  except  tor  the 
conditional  equations  given  by  equations  17*  5 b  and  17*  5c.  This  means 
that  any  set  of  color-mixture  curves  can  be  used  as  the  sensitivity  distri- 


Fic.  17-4  Chromaticity  plots  showing  primaries  R,  G,  and  B  of  Fig.  17T  and 
primaries  R',  G',  and  B'  outside  the  gamut  of  real  colors. 


butions.  In  like  manner,  the  fact  that  the  c/’s  can  be  arbitrarily  chosen 
implies  that  the  additive  primaries  of  the  completed  photograph  can 
also  be  arbitrarily  chosen,  subject  only  to  the  conditions  that  they  be 
independent  and  conform  to  the  conditional  equations  17 -7b.  As  the 
sensitivity  distributions  and  the  primaries  can  be  chosen  independently 
of  each  other,  it  is  thus  evident  that  the  sensitivity  distributions  can 
be  made  to  correspond  to  a  set  of  color-mixture  curves  having  no 
negative  portions,  even  though  these  curves  do  not  correspond  to  the 
real  primaries  of  the  photographic  system.  As  some  of  the  p's  in  equa¬ 
tions  17*1 2cr  will  be  positive  and  others  negative,  this  does  indicate 
that  a  means  must  be  found  for  adding  and  subtracting  exposures,  but 
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these  exposures  need  be  derived  from  no  more  than  three  sensitivity 
distributions. 

Figure  17-4  gives  the  chromaticity  plots  of  the  real  primaries,  R,  G, 
and  B  previously  illustrated,  and  of  three  primaries,  R',  G',  and  B'  which 
are  outside  the  gamut  of  real  colors.  Sensitivity  distributions  taken 
as  the  color-mixture  curves  corresponding  to  this  second  set  of  primaries 
are  shown  in  Fig.  17-5.  They  have  no  negative  portions.  Assuming 
that  the  primaries  for  a  photographic  process  are  R,  G,  and  B  and  that 
the  sensitivity  distributions  are  those  illustrated  in  Fig.  17-5,  then  the 
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Fic.  17-5  Sensitivity  distributions  Sr,  Sg,  and  Sb  corresponding  to  the  set  of  pri¬ 
maries,  R',  G',  and  B',  illustrated  by  Fig.  17-4. 


transmittances  r,  g,  and  h  of  the  colored  areas  of  the  photograph  are 
related  to  the  exposure  transmittances  Tr,  Tg,  and  1  b  as 


r  =  2.087V  -  0.69Tg  -  0.38 Tb 


g  =  -0.37 Tr  +  1.42 T8  -  0.05 n  (17  - 13) 

0.0377-0.117’,  +  1.087), 


The  coefficients  in  these  equations  are  the  values  of  the  p  s  (equations 
17-12)  for  the  particular  sensitivity  distributions  and  primaries  wnc 
have  been  described.  In  substance  the  sensitivity  distributions  are  those 
derived  for  the  non-real  primaries  R',  G',  and  B'  of  F,g.  17-4;  the  view¬ 
ing  primaries  for  the  process  are  R,  G,  and  B  of  the  same  figure. 


ADDING  AND  SUBTRACTING  EXPOSURES 

Proper  control  of  the  small  area  transmittances  associated  with  the 
red.  green,  and  blue  filters  of  the  photograph  as  indicated  by  equa  ions 
7  13  or  by  equations  17-10,  provided  that  the  sens.t.v.ty  distributes 
are  separated  into  their  positive  and  negative  portions,  requires  the 
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addition  and  subtraction  of  exposures.  Several  different  methods  c 
been  suggested  for  accomplishing  this  result.  Ilardy  and  Wurzburg 
(1937  pp.  233  and  235)  suggested  several  possible  methods,  one  depend¬ 
ing  upon  the  “Herschel  effect/’  and  another  accomplished  by  double 

1  Latent  images  are  partially  destroyed  as  a  result  of  the  Herschel 
effect  (Mees,  1942,  pp.  277-289),  but  only  the  extreme  red  and  infrared 
radiations  are  known  to  cause  it.  Furthermore,  even  assuming  that  the 
same  results  could  be  obtained  by  means  of  radiant  energy  in  the  visible 
portions  of  the  spectrum,  the  Herschel  effect  involves  a  rate  of  destruc¬ 
tion  which  is  more  nearly  proportional  to  the  logarithm  of  the  preceding 
exposure  than  to  the  exposure  itself  (MacAdam,  1938a,  pp.  406-407). 
Thus,  the  Herschel  effect  cannot  be  used  for  subtracting  exposures. 

The  double  printing  method  makes  use  of  exposure  ranges  on  photo¬ 


graphic  materials  corresponding  to  the  toe  regions  of  their  H  &  D  curves. 
In  the  toe  region  there  is  approximately  a  linear  relationship  between 
exposure  and  the  transmittance  of  the  developed  film.  For  all  known 
photographic  materials,  however,  the  range  of  exposures  through  which 
such  a  linear  relationship  holds  is  much  smaller  than  that  required 
for  actual  usage,  and  therefore  the  method  is  not  likely  to  prove  feasible 
(MacAdam,  1938a,  p.  408).  If  the  linear  relationship  did  hold  over  a 
greater  range,  the  exposure  latitude  would  still  be  exceedingly  small. 

Masking  has  been  suggested  as  another  possibility.  In  standard 
photographic  masking,  however,  the  effect  corresponds  much  more 
closely  to  the  linear  combinations  of  the  logarithms  of  exposure  than 
of  exposures.  Under  certain  limited  conditions  the  two  effects  may 
approximate  each  other,  but,  in  general,  the  differences  are  large  (see 
MacAdam,  1938a,  pp.  409-412).  A  modified  masking  method  employ¬ 
ing  special  types  of  photographic  materials  has  been  suggested  by  Yule 
(see  MacAdam,  1938a,  pp.  408-409).  Because  of  the  unusual  nature 
of  the  materials,  they  have  been  little  investigated. 

Although  not  actually  a  photographic  process,  the  method  which  can 
be  used  most  successfully  in  linearly  combining  exposures  is  that  of 
photoelectric  scanning.  1  he  subject,  or  an  intermediate  photograph, 
is  scanned  by  means  of  illuminant,  filter,  and  photoelectric  cell  com¬ 
binations  which  give  the  required  sensitivities.  The  outputs  of  the  cells 
can  then  be  combined  in  the  desired  manner  to  give  light  exposures  for 
obtaining  the  final  photograph.  Such  methods  are  made  use  of  in 
photomechanical  reproduction  work,  and  similar  methods  can  be  applied 
m  color  television  (Hardy  and  Wurzburg,  1937,  pp.  233-234,  and  1948; 
National  Press  Photographer,  1950;  Wintringham,  1951,  pp.  1157-1159). 
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application  of  additive  color  reproduction 

THEORY 

I' or  a  relatively  limited  range  of  conditions,  the  problem  of  color 
reproduction  in  additive-type  processes  is  capable  of  mathematical  solu¬ 
tion  in  an  exact  and  simple  form.  The  physical  attainment  of  the 
mathematical  solution,  however,  is  a  much  more  difficult  task.  The 
chief  problem  is  that  of  considering  negative  sensitivities  or,  what  serves 
the  same  end,  adding  and  subtracting  exposures.  Methods  can  be 
found  which,  to  a  fair  degree  of  approximation,  accomplish  the  correct 
result,  but  the  difficulties  involved  arc  so  great  that  these  methods 
have  seldom  if  ever  been  put  into  practice. 

For  most  commercial  additive  color  processes,  other  considerations 
force  limitations  much  more  severe  than  the  failure  to  incorporate 
negative  sensitivities.  In  screen  plate  processes,  for  example,  proper 
registration  is  extremely  difficult  if  one  plate  is  exchanged  for  another 
during  processing.  For  this  reason,  the  taking  and  viewing  filters  are 
usually  the  same.  Such  a  procedure  is  not  in  accord  with  theory,  but 
apparently  whatever  the  losses  in  correct  reproduction  may  be,  other 
advantages  more  than  offset  them. 

As  close  adherence  to  the  conditions  established  by  theoretical  ap¬ 
proaches  to  the  problem  are  not,  and  probably  cannot  be,  maintained 
in  practice,  the  setting  up  of  a  real  photographic  process  is  accomplished 
largely  by  empirical  means.  Theory  is  useful  in  suggesting  possibilities, 
but,  if  one  part  of  the  theory  is  discarded,  or  cannot  be  held  to,  there 
is  seldom  reason  to  believe  that  great  advantage  is  gained  by  strict 
adherence  to  some  other  given  part.  Failure  to  take  this  fact  into 
account  would  probably  account  for  much  of  the  friction  between  those 
considering  color  photography  from  a  purely  practical  point  of  view  and 
those  attempting  to  operate  on  the  basis,  partially  at  least,  of  some 
theory  of  color  reproduction. 

Color  reproduction  theory  should  be  fruitful,  but,  even  if  it  could 
be  followed,  it  would  not  necessarily  be  a  sufficient  guide.  '1  he  science 
of  colorimetry,  the  aspect  of  color  which  has  been  established  with  the 
greatest  precision,  can  also  be  the  most  misleading.  What  is  important 
in  color  photography  is  the  finished  photograph,  and  its  effect  on  the 
observer  Exact  reproduction  is  attained  to  the  extent  that  the  observer 
sees  the  photograph  as  a  true  representation  of  the  original  scene.  Until 
much  more  concerning  the  visual  mechanism  is  known  than  at  present, 
any  other  method  of  establishing  the  conditions  for  exact  reproduction 
be  accepted  only  on  a  provisional  basis. 
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can 


The  attempt  in  this  chapter  has  been  to  indicate  the  types  ot  problems 
encountered  in  considering  additive  color  reproduction  theory  F  or  any 
particular  additive  color  process,  it  is  doubtful  that  many  specific  answers 
will  be  found  which  have  direct  application,  although  the  chapter  should 
suggest  methods  of  studying  these  problems.  When  theory  has  provided 
its  utmost,  however,  it  is  believed  that  the  final  answers  to  many  of 
these  problems  must  be  found  in  actually  working  with  the  process. 


Summary  and  Generalization  of  Additive  Photographic  Reproduction 

Theory 

In  its  most  general  form,  the  theory  of  additive  color  photographic 
reproduction  is  essentially  the  same  as  that  for  subtractive  processes. 
Detailed  consideration  of  such  theory  will  be  deferred  to  the  next  chap¬ 
ter.  Additive  reproduction  theory,  however,  lends  itself  conveniently 
to  linear  matrix  development.  This  is  the  development  which  will  be 
given  here;  it  conforms  closely  to  that  presented  in  the  earlier  parts 
of  the  chapter. 

If  metameric  colors  are  to  be  reproduced  alike  in  the  photographic 
process,  the  effective  sensitivity  distributions,  S,-,  Sff,  and  Sb,  of  the  photo¬ 
graphic  color  components  must  conform  to  a  set  of  color-mixture  curves. 
This  condition  can  be  expressed  in  equation  form  as: 


(17- 14^) 


where  x,  y,  and  z  are  tristimulus  values  for  unit  amounts  of  spectral 
energy  and  A  is  a  three-by-three  matrix.  If  the  exposures  are  to  be 
independent  of  each  other,  it  is  necessary  that 


4\?*0 


(17-14/0 


It  is  also  convenient  to  normalize  the  elements  of  the  matrix  A  in  such 
a  way  that: 


(17- 14c) 


where  X0,  Y0,  and  Z0  are  the  tristimulus  values  of  the  illuminant  of  the 
process. 
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From  definitions  of  the  exposure  transmittanccs  Tr,  Tg,  and  Tb,  given 
in  equations  17 -4b,  and  of  X,  Y,  and  Z,  given  in  equations  17-6 b,  it 
can  be  shown  that  equations  1  /  •  14 a  are  equivalent  to 


(17-  \Ad) 


In  any  tiny  area  of  the  developed  photograph  the  tristimulus  values, 
X',  Y',  and  Z',  are  given  by 


(17- \Sa) 


where  r,  g,  and  b  are  the  transmittances  associated  with  the  red,  green, 
and  blue  primaries  and  M  is  a  three-by-three  matrix: 


/Xr  Xg 

M  =  lvr  Yg 

\Zr  Zg 


(17*1 5^) 


in  which  Xr,  Yr,  and  Z,  are  the  tristimulus  values  of  the  red  primary, 
Xg,  Yg,  and  Zg  are  the  tristimulus  values  of  the  green  primary,  and 
Xb,  Yb,  and  Zb  are  the  tristimulus  values  of  the  blue  primary.  When 
the  three  transmittances,  r,  g,  and  b,  are  equal,  it  is  desirable  that 
X',  Y',  and  Z'  be  proportional  to  the  tristimulus  values  of  the  illuminant, 
x},  Y0',  and  Z0'.  This  result  is  obtained  if  the  intensities  of  the  three 
primaries  are  so  adjusted  that 


M 


(17-15r) 


The  requirement  of  exact  colorimetric  reproduction  for  the  photo¬ 
graph  will  be  assumed  in  the  present  discussion,  although  for  reasons 
alrcadv  discussed  (see  p.  613  et  seq.)  this  requirement  cannot  be  assumed 
to  have  general  validity.  For  exact  colorimetric  reproduction 


(17-1 6a) 
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From  equations  17- Hi  and  17 -15a  it  is  evident  that  equation  17- 16a 
will  be  fulfilled  provided  that 

(17-16*) 

and  that 

p  =  (17-1 6r) 

It  is  also  evident  that  P  will  be  a  unit  matrix  E,  if 

M~lA~x  =  E 

or 

A  =  M~l  (17-16^) 

Under  these  latter  conditions  it  is  evident  that  the  normalizing  equa¬ 
tions  17- 14c  and  17- 15c  become  identical. 
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Color  Reproduction  Theory  for 
Subtractive  Photographic 

Processes 

CHAPTER  XVIII 


MANY  of  the  problems  encountered  in  both  the  theory  and  practice 
of  subtractive  color  photography  are  essentially  the  same  as  those 
encountered  in  additive  color  photography.  Some  of  these  were  dis¬ 
cussed  in  the  preceding  chapter,  including  the  difficulty  of  properly 
defining  “exact  color  reproduction,”  effects  due  to  various  conditions 
of  viewing,  and  effects  due  to  different  types  of  illumination  in  exposing 
as  well  as  in  viewing  color  photographs.  In  the  present  chapter  it  will 
be  assumed  that,  unless  otherwise  specifically  stated,  a  single  type  of 
uniform  illumination  is  used  for  making  the  original  photographic  ex¬ 
posures,  for  viewing  the  original  scene,  and  for  viewing  the  reproduction. 
Other  possible  differences  in  the  viewing  situations  for  the  original  and 
its  photographic  reproduction  will  also  be  assumed  to  be  sufficiently 
unimportant  to  be  neglected.  As  has  been  noted,  such  assumptions 
are  more  restrictive  than  would  be  desirable,  but  without  them  the 
problem  of  color  reproduction  is  so  ill-defined  that  anything  approaching 
a  quantitative  discussion  of  its  theory  is  hardly  possible. 

The  earlier  history  of  subtractive  color  reproduction  theory  can  also 
be  passed  over  with  little  more  than  reference  to  Chapter  VIII.  Clerk 
Maxwell  discussed  only  additive  color  photography.  Du  I  Iauron,  as  well 
as  Bull  and  Ives  and  their  contemporaries,  believed  that  the  colorants 
should  be  complementary,  or  at  least  approximately  so,  to  the  color  to 
which  the  emulsions  controlling  these  colorants  were  sensitive.  V  ith 
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this  one  difference,  Ives  believed  that  the  color  reproduction  principles 
which  he  had  developed  for  additive  reproduction  applied  with  litt  e 
modification  to  subtractive  theory.  Those  who  rejected  his  additive 
theory,  therefore,  had  no  reason  to  accept  his  ideas  on  subtractive  theory. 
Except  for  the  work  of  Ives,  there  was  no  real  attempt  at  a  compre¬ 
hensive  statement  of  the  basic  principles  of  color  photography,  either 
additive  or  subtractive. 


The  Problem  of  Subtractive  Reproduction  Theory 

In  obtaining  a  color  photograph  the  first  basic  step  is  that  in  which 
light  from  an  illuminated  scene  enters  the  camera  and  produces  minute 
changes  in  the  grains  of  the  photographic  emulsions.  This  gives  the 
film  exposures.  If  the  camera  lens  properly  focuses  the  light  from  the 
subject,  the  intensity  and  quality  of  the  light,  and  hence  of  the  exposure, 
at  each  small  area  of  the  emulsion  is  a  function  of  the  intensity  and 
quality  of  the  light  leaving  the  corresponding  small  region  of  the  scene. 

Following  exposure  the  film  is  developed  or  “processed,”  yielding 
certain  amounts  of  the  three  colorants  in  the  finished  photograph. 
These  amounts  are  functions  of  the  exposure  and,  therefore,  in  each 
small  area  are  related  in  a  systematic  manner  to  the  corresponding  small 
region  of  the  original  scene. 

If  the  photograph  obtained  by  the  process  so  far  described  is  a  positive, 
as  would  be  given  by  a  reversal  process,  it  is  ready  to  be  viewed.  If  a 
negative,  a  subsequent  positive  must  be  made  from  it  for  viewing.  This 
step  conforms  essentially  to  the  duplicating  or  copying  processes  de¬ 
scribed  in  earlier  chapters.  For  purposes  of  the  present  discussion  it 
may  be  assumed  that  the  photograph  obtained  from  the  camera  expo¬ 
sure  is  the  finished  picture.  Where  this  is  not  actually  the  case,  the 
subsequent  steps  can  be  treated  as  they  were  in  the  chapters  on  duplicat¬ 
ing  and  copying. 


FILM  EXPOSURES 


The  film  exposures,  R,  G,  and  B,  for  subtractive  color  photography 
can  be  defined  in  the  same  manner  as  for  additive  color  photography; 
they  are  given  by 


fsrHd\ 

R  - -  G 

S rH0  d\ 


jSgHdk  f SbH  d\ 

-  B  = - 

JStH0d\  JsbH0d\ 
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(18-la) 


where  H  is  the  irradiance  on  the  film  surface,  Sr,  S„  and  S6  are  the 
three  film  sensitivities,  and  II0  is  the  irradiance  on  the  film  surface 
resulting  from  an  exposure  from  the  standard  object,  taken  here  as  a 
white,  or  a  totally  reflecting,  perfectly  diffusing  surface,  exposed  under 
a  given  set  of  standard  conditions. 

For  a  subject  under  uniform  illumination,  equations  18-  la  can  be 
written  as 


Krtr 

R  =  - -Tr 


Koh 


A  nt a 

G  =  —T, 
Koto 


e 


b  = 

Koto 


(18  -U) 


in  which  tr  is  the  time  of  exposure,  Kr,  Kg,  and  Kb  are  quantities  de¬ 
pending  upon  exposure  conditions,  t0  and  K0  are  the  corresponding 
quantities  for  the  standard  exposure,  and  Tr,  Tgy  and  Tb  are  the  exposure 
transmittances  (or  reflectances)  defined  in  terms  of  spectral  energy  dis¬ 
tribution,  P,  of  the  illuminant  and  of  the  film  sensitivities.  The  expo¬ 
sure  transmittances  are  defined  as 


Tr  = 


f 


SrPT  dX 


Is' 


Te  = 


Pd\ 


f 

( 


SePTd\ 


Th  = 


SaP  d\ 


f 

f 


SbPT  d\ 


(18  -Ic) 


SbP  d\ 


As  log  exposures  rather  than  exposures  can  be  interpreted  more 
easily  with  respect  to  the  results  of  exposure  in  a  photographic  process, 
a  more  convenient  form  than  equations  18-1  b  is 


A'n/n  .  ,  A  0/o 

—  log  R  =  Dr  +  log  — —  —  log  G  =  Dg  +  log 

Krtr 


A  gtg 


-  log  B  =  Db  -F  log 


in  which 


A  oA) 
Kbtb 


(18 -W) 


Dr  —  —  log  Tr  Dg  =  —  log  Tg  Db  =*  —  log  Tb  (18- 1^) 


The  quantities  Dr,  Dff,  and  Db  are  referred  to  as  exposure  densities. 
Under  the  same  conditions  of  illumination,  the  small  region  with 
the  spectral  reflectance  or  transmittance  T  will  have  tristimulus  values 

given  by 


X  =  — 


fxPTdX  fyPTdX  J 

- -  y  - -  z  =  — 


zPT  dX 


(18-2  a) 


Furthermore,  if  all  metameric  colors  are  to  have  the  same  exposure 
densities,  the  sensitivity  distributions  must  be  color-mixture  curves,  or, 
at  each  wavelength,  A, 

Sr  =  anx  +  <*12  y  +  ^132 

Sg  =  a2{x  +  a22y  +  a23  2  (18-2^) 

Sb  =  <*31*  +  aS2 y  +  <*332 

in  which  .v,  y,  and  z  are  the  tristimulus  values  of  unit  amounts  of  energy, 
at  the  wavelength,  A.  If  the  three  sensitivity  distributions  are  to  be 
independent  of  each  other,  it  is  necessary  that 


<*12 

«13 

^21 

<*22 

<*23 

^0 

(18 -2c) 

<*31 

«32 

^33 

It  is  convenient  and  possible  to  place  an  additional  restriction  on  the 
coefficients  of  equations  18-2 b  in  the  form  of  the  equations: 

a\\^0  +  <*12^0  +  al3^Q  —  1 

^21^0  T  ^22^0  4~  #23-^0  =  1  (18*2 d) 

^31^0  +  ^32 }  0  4"  ^33-Zo  =  1 

The  effect  of  these  conditional  equations  is  to  equate  the  integrated 
areas  under  the  product  curves  for  S,P,  SffP ,  and  SbP  to  each  other  and 
to  unity. 

By  combining  equations  18- lc,  18-  le,  18-2 a,  and  18-  2b,  it  can  be 
shown  that 

Dr  =  —  log  (auX  +  ai2Y  4~  «i3-Z) 

Dg  =  ~  log  (a2\X  +  a22Y  -f-  a23Z)  (18-3) 

=  —  log  {a3\X  +  a32Y  -f-  a33Z) 

It  should  be  emphasized  that  equations  18-3  apply  if  and  only  if  the 
sensitivity  distributions  correspond  to  a  set  of  color-mixture  curves 
hor  other  types  of  sensitivity  distributions  the  exposure  densities  must 
be  obtained  directly  from  equations  18- lc  and  18- lc. 
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THE  REPRODUCTION 


If  the  spectral  transmittance  for  any  small  area  in  the  photographic 
reproduction  is  represented  by  T',  the  tristimulus  values,  X',  Y',  and  Z', 
of  that  point  are  given  by 

X'  =  jxPV  d\  Y'  =j yPT'  d\  Z'  =  J zPT  d\  (18-  4 a) 

where  the  distributions  ( xP ),  ( yP )  and  ( zP )  have  been  so  normalized 

that  j  y  P  d\  =  1  (see  p.  66).  In  a  three-color  subtractive  process  the 

spectral  transmittance  T'  is  controlled  by  three  colorants,  a  cyan,  a 
magenta,  and  a  yellow  dye,  placed  in  combination  or  superposition. 
The  spectral  transmittances  of  unit  concentrations  of  these  three  dyes 
may  be  represented  by  Tc,  Tm,  and  T„,  respectively.  The  combined 
spectral  transmittance  will  depend  both  upon  these  distributions  and 
upon  the  particular  concentrations,  c,  m,  and  y,  in  the  small  area  under 
consideration. 

In  accordance  with  Beer’s  law,  if  the  transmittance  of  the  cyan  dye 
for  unit  concentration,  at  some  given  wavelength,  is  Tc,  then  the  trans¬ 
mittance  at  a  concentration  c  is  Tc  to  the  power  c,  or  Tcc.  The  trans¬ 
in  ittances  for  concentrations  m  of  the  magenta  dye  and  y  of  the  yellow 
dye  are  similarly  given  by  Tmm  and  T /.  Furthermore,  the  transmittance 
of  the  three  colorants,  either  mixed  or  placed  in  superposition,  will  be 
given  as  a  product  of  the  individual  transmittance,  or 

V  =  TccTmmTvv  (18-4Z-) 

In  subtractive  color  photography  it  is  convenient  to  define  unit  con¬ 
centrations  of  each  dye  as  the  amount  of  that  dye  wdiich,  in  combina¬ 
tion  with  the  other  two,  has  an  equivalent  neutral  density  of  1.00.  Any 
other  amount  will  be  of  approximately  the  concentration  given  by  its 

equivalent  neutral  density  (see  p.  451). 

Beer’s  law  is  sufficient  to  establish  equation  18.46.  Actually,  Beer’s 
law  need  not  hold,  provided  that  the  Log  D  law  holds  (see  p.  345).  In 
practice,  concentration  is  seldom  if  ever  actually  measured,  but  the 
Log  D  law  can  be  and  is  tested.  For  films  viewed  by  transmitted  light, 
appreciable  departures  from  the  law  are  seldom  found.  Beer’s  law 
probably  also  holds  in  these  cases,  but  this  point  is  seldom  established. 
For  dyes  on  a  reflecting  base,  the  Log  D  law  does  not  apply  and  so 
does  not  describe  the  characteristics  so  well.  For  this  reason  equation 
18-46  is  not  particularly  good  for  reflection  prints. 
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Equation  18  -4b  may  be  combined  with  equations  18-4 a  to  give 
X'  =  jxPTccTmmTvv  d\  Y'  =jyPTccTmmTy!/  d\ 

Z'  =  fzPTccTmmTvv  d\  (18-4r) 

Equations  18 -4c  represent  the  most  precise  known  functional  rela¬ 
tionships  which  can  be  given  between  the  tristimulus  values  of  any 
small  area  in  a  photographic  image  and  the  dyes  which  make  up  that 
image.  Actual  film  also  usually  has  some  stain,  and  the  film  backing 
is  not  strictly  neutral.  T  hese  factors  are  apt  to  be  of  importance  only 
in  the  very  light  colors,  and  they  can  often  be  neglected. 

DYE  CONCENTRATIONS  AS  FUNCTIONS  OF  EXPOSURE 
DENSITIES 

Equations  have  now  been  developed  which  relate  the  exposure  densi¬ 
ties  of  any  small  area  in  the  film  to  the  tristimulus  values  of  the  corre¬ 
sponding  region  of  the  scene  photographed  (equations  18-3),  and  which 
relate  the  tristimulus  values  of  an  area  of  the  developed  photograph 
to  the  concentrations  of  the  dyes  in  this  area  (equations  18  -4c).  If  the 
sensitivity  distributions  conform  to  the  distributions  of  a  set  of  color- 
mixture  curves,  the  exposure  densities  are  given  explicitly  as  functions 
of  the  tristimulus  values  by  equations  18-3.  If  the  sensitivity  distribu¬ 
tions  do  not  conform  to  color-mixture  curves,  then  the  relationship 
is  implicit,  rather  than  explicit,  in  that  the  transmittance  or  reflectance 
distribution  T  of  the  region  in  the  scene  determines  both  the  tristimulus 
values  (equations  18-2n)  and  the  exposure  densities  (equations  18*  1  c 
and  18 -le). 

To  determine  the  colorimetric  relationships  between  a  small  area  of 
the  photograph  and  the  corresponding  region  of  the  scene  photographed, 
the  additional  information  which  is  necessary  and  sufficient  is  that 
which  gives  the  dye  concentrations  as  functions  of  the  exposure  densities. 
In  practical  photography  these  functions  are  usually  expressed  in  graphi¬ 
cal  form  as  H  &  D  curves  in  which  the  dye  equivalent  neutral  densities 
are  plotted  as  functions  of  the  logarithms  of  exposure.  Exposure  densi¬ 
ties  differ  from  log  exposures  only  in  sign  and  by  an  additive  constant 
(equations  18- Id);  they,  therefore,  can  be  substituted  for  the  log  expo¬ 
sures  in  such  plots.  A  set  of  II  &  D  curves  for  a  real  process  is  illustrated 
in  Fig.  18*1. 
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I  lie  exposures  used  in  obtaining  the  set  of  curves  shown  in  the  figure 
were  confined  to  an  intensity  series  from  a  single  spectral  energy  distri¬ 
bution.  This  distribution  conformed  to  that  for  which  the  process 
was  balanced.  If  a  different  quality  of  illumination  had  been  used, 
it  is  likely  that  the  shapes  as  well  as  the  relative  positions  of  the  three 
cur\es  would  be  altered.  This  is  equivalent  to  stating  that  the  amount 


Log  E 


Fig.  18-1  II  &  D  curves  for  a  reversal  color  film. 

of  any  one  colorant  deposited  in  the  film  is  a  function  of  all  tlnec  types 
of  exposure  density.  Such  complicated  functional  relationships  are  due 
to  what  are  called  interimage  effects.  By  means  of  photographic  masks 
these  effects  are  often  deliberately  introduced,  or  magnified  if  already 

present. 

In  developing  color  photographic  theory,  it  is  convenient  to  assume 
that  the  equivalent  neutral  densities  are  linearly  related  to  the  exposure 
densities.  Such  an  assumption  greatly  simplifies  the  treatment  and  gives 
a  result  which  is  sufficient  as  a  rough  approximation.  Sometimes  it 
is  assumed  that  each  equivalent  neutral  density  is  directly  proportional 
to  one  exposure  density  and  independent  of  the  other  two,  or 

c  =  giDr  m  =  £2Dg  y  =  £3 Vb 
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(18-5*) 


Linear  equations  may 
such  as 


C  =  £10  -f  gnDr  +  guDg  +  g\2,E*b 
m  =  g20  +  g2lDr  +  g22^g  +  g23^b 

y  =  g30  +  gz\Dr  +  g^Dg  +  gwDb 


(18  •  Sb) 


Such  equations  as  these  are  frequently  referred  to  as  masking  equations 
or  color  reproduction  equations.  The  g’s  are  parameters  which  may  e 
either  positive  or  negative.  Equations  18-5tf  represent  special  cases  of 
equations  18-5 b  in  which  all  the  g’s  except  gn,  g- 22 ,  and  g33  are  zero. 

In  most  work  on  the  theory  of  color  reproduction  in  photographic 
processes  it  is  assumed  that  the  dye  equivalent  neutral  densities  and 
the  exposure  densities  are  related  in  a  manner  given  either  by  equations 
18-5(i  or  18* 5b.  For  the  assumed  or  known  dye  sets  and  sensitivity 
distributions  and  the  colorimetric  relationships  between  the  photograph 
and  the  original  scene  which  are  assumed  to  be  most  desirable,  the 
values  of  the  parameters  (g’s)  in  the  color  reproduction  equations  which 
will  most  closely  produce  the  desired  result  are  determined.  In  estab¬ 
lishing  the  values  of  these  parameters,  choice  is  involved  only  in  selecting 
the  sensitivity  distributions,  and  in  choosing  the  dyes  of  the  system. 


Determining  the  Sensitivity  Distributions  and 
Color  Reproduction  Equations 


Methods  that  have  been  suggested  for  determining  the  color  repro¬ 
duction  equations  may  be  classified  into  three  general  groups:  (1)  exten¬ 
sion  of  the  theory  of  additive  color  photography,  (2)  extension  of  the 
principles  of  duplicating,  and  (3)  the  reproduction  of  particular  colors. 
In  extending  additive  color  reproduction  theory  the  problem  is  to  find  a 
set  of  primaries  which,  considered  as  a  part  of  an  additive  system,  give 
effectively  the  same  results  as  are  actually  obtained  by  the  subtractive 
system.  Three  methods  for  doing  this  may  be  used,  one  based  on  block 
dyes,  a  second  on  unstable  primaries,  and  the  third  on  stable  primaries. 
Also,  two  different  approaches  to  the  reproduction  of  particular  colors 
have  been  suggested,  the  first  involving  the  exact  reproduction  of  a 
small  number  of  colors,  and  the  second  involving  the  approximate 
reproduction  of  a  larger  number  of  colors.  These  various  methods  will 
be  discussed  separately. 
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BLOCK  DYES 


Many  of  the  commonly  accepted  concepts  relative  to  the  theory  of 
subtractive  photographic  theory  have  been  arrived  at  from  a  study  of 
block-type  dyes.  Practically  all  the  problems  involved  in  subtractive 
color  theory  are  simplified  if  such  dyes  are  assumed;  in  fact,  the  theory 
becomes  identical  with  that  of  additive  color  reproduction.  Block  dyes, 
therefore,  serve  as  a  convenient  starting  point  in  analyzing  the  various 
methods  which  have  been  suggested  for  determining  color  reproduction 


Fig.  18*2  Spectral  density  distributions  of  unit  equivalent-neutral-density  amounts 
of  three  real  dyes  (dye  set  A). 

equations.  One  caution  must  be  kept  in  mind.  Block  dyes  differ 
greatly  from  real  dyes,  and,  therefore,  conclusions  drawn  with  respect 
to  them  cannot  be  applied  indiscriminately  to  real  processes. 

Spectral  density  distributions  of  unit  equivalent-neutral-density 
amounts,  for  CIE  Illuminant  C,  of  three  real  dyes  are  shown  in  big. 
18-2.  These  dyes  will  be  referred  to  as  dye  set  A.  The  cyan  dye  has 
greater  density  than  either  of  the  other  two  dyes  in  the  spectral  region 
from  about  585  ny  to  700  ny.  Similarly,  the  magenta  dye  has  the 
greatest  density  throughout  the  region  from  about  495  ny  to  585  ny,  and 
the  yellow  dye,  from  about  400  ny  to  495  ny.  Hypothetical  block  dyes 
most  nearly  conforming  to  these  real  dyes  would,  therefore,  be  those 

with  these  same  wavelength  boundaries. 

Two  types  of  block  dyes  have  been  discussed  in  an  earlier  chapter 
(see  pp.  397  and  398),  one  with  “unwanted  absorptions,”  and  the  other 
without  the  unwanted  absorptions.  The  former  may  absorb  throughout 
the  spectrum,  but  within  each  of  the  three  chosen  spectral  regions, 
the  absorption  is  uniform.  The  cyan  dye,  for  example,  will  have  rela- 
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lively  high  and  uniform  absorption  in  the  red  end  of  the  spectrum 
with  a  sharp  transition  to  a  lower  uniform  absorption  in  the  green 
region,  and  finally  a  sharp  transition  to  a  third  (low)  level  of  uniform 
absorption  in  the  blue  spectral  region.  Block  dyes  without  unwanted 
absorptions  absorb  uniformly  throughout  one  limited  spectral  region 
and  have  100  percent  transmittance  elsewhere. 

Block  dyes  with  unwanted  absorptions,  dye  set  B,  which  conform 
most  closely  to  the  real  dye  set  already  illustrated  are  shown  in  Fig.  18’  7. 
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Fig.  18-3  Spectral  density  distributions  of  unit  equivalent  neutral-density  amounts 
of  three  hypothetical  block  dyes  with  unwanted  absorptions  (dye  set  B). 

The  three  spectral  regions  of  uniform  absorption  for  each  dye  conform 
to  those  already  indicated  in  which  one  of  the  real  dyes  has  greater 
density  than  either  of  the  other  two.  Within  these  regions  each  of 
the  block  dyes  has  a  transmittance  equal  approximately  to  the  average 
transmittance  of  the  corresponding  real  dye  within  the  same  region. 
Slight  alterations  in  these  averages  have  been  made  to  give  a  neutral 
which,  for  such  dyes,  must  be  nonselective. 

BLOCK  DYES  WITHOUT  UNWANTED  ABSORPTIONS 

Block  dyes  without  unwanted  absorptions,  dye  set  C,  are  illustrated 
in  Fig.  18-4.  The  spectral  regions  of  absorption  of  each  of  these  dyes 
are  the  same  as  the  regions  of  chief  absorption  of  dye  set  A  and  dye 
set  B.  Their  over-all  densities  have  been  adjusted  to  give  a  neutral. 

In  developing  the  requirements  for  exact  color  reproduction  in  a 
subtractive  system  using  block  dyes  with  no  unwanted  absorptions  it 
is  possible  to  follow  the  same  reasoning  that  was  used  in  developing 
the  additive  reproduction  requirements  (see  pp.  616-621).  This  reason- 


ing  involves  the  sequence  of  (1)  expressing  the  exposure  transmittances 
of  the  subject  in  terms  of  the  tristimulus  values  of  the  subject  (equations 
1  /  -  6 a);  (2)  expressing  the  tristimulus  values  of  the  photograph  in  terms 
of  the  primaries  (equations  17-7 a);  (3)  equating  the  tristimulus  values 
of  the  subject  to  those  of  the  photograph  (equations  17-9);  and  (4) 
establishing  the  relationships  between  the  exposure  transmittances  of 
the  subject  and  the  amounts  of  the  primaries  occurring  in  the  photo¬ 
graph  which  will  fulfill  condition  (3)  (equations  17-10). 
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Fig.  18  -4  Spectral  density  distributions  of  unit  equivalent-neutral-density  amounts 
of  three  hypothetical  block  dyes  without  unwanted  absorptions  (dye  set  C). 


The  reproduction  will  be  composed  of  various  concentrations  of  the 
three  dyes.  These  dye  concentrations  may  be  expressed  in  units  c,  m, 
and  y,  defined  so  that  c,  m,  and  y  have  a  value  of  unity  for  a  neutral 
density  of  1.0.  The  tristimulus  values  of  an  area  of  the  reproduction 
composed  of  c,  m,  and  y  were  given  by  equations  18-4c  as 


X'  =  f  xPTccTn™Tvv  d\  r  =  JyPT, 
Z'  =  fz PTccTmmT«d\ 


crp  mrp  y  yx 

c  1  in  1  y  u  A 


(18 • 6a) 


However,  for  the  block  dyes  under  consideration,  the  spectrum  can  be 
divided  into  three  regions  in  such  a  way  that  in  each  region  one  dye 
has  constant  transmission  independent  of  wavelength  and  the  other  two 
dyes  have  unit  transmissions.  Thus  the  tristimulus  value  X  of  the 
reproduction  is  given  by 

X'  =  Tc 


xP  d\  +  Tmm  f  *xP  d\  +  Tyu  f  xP  d\  (18  -6b) 
J\  1 


X'  =  TccXr  +  TmmX g  +  TyvXb 
Y'  =  TccYr  +  TmmYg  +  TyYb 
Z'  =  TccZr  +  T„rzg  +  TyyZb 


(18 -6c) 


with  the  equations  for  Y'  and  Z'  now  included. 

These  equations  are  identical  in  form  with  equations  17  'la  for  the 
additive  case.  Since  in  equations  Yl-la  r,  g,  and  b  were  defined  as  the 
transmittances  of  the  images  controlling  the  red,  green,  and  blue  pri¬ 
maries,  and  in  equations  18  -6b  Tcc,  Tmm,  and  T/  are  the  transmittances 
of  three  dyes,  each  controlling  one  region  of  the  spectrum,  these  regions 
being  defined  as  primaries,  we  can  equate  r  to  Tcc,  g  to  F mm,  and  b  to 
T /.  Thus,  equations  18  -6c  become  identical  with  equations  17-7 a. 

It  follows  that  the  conditions  necessary  for  exact  colorimetric  repro¬ 
duction  are  identical  to  the  conditions  defined  by  equations  17-10  if 
the  sensitivity  distributions  conform  to  the  visual  color-mixture  curves 
of  the  three  primaries  (the  three  regions  of  the  spectrum).  Thus 


(18-6/7) 


Since  the  units  c,  m,  y  were  defined  so  that  each  equals  1 .0  for  a 
neutral  density  of  1.0  (transmittance  of  0.1), 


r  =  Tcc  =  10-c  £  =  Tmm  =  10-w  b  =  Tyy  =  10“^  (18-6^) 
These  equations  may  also  be  written  as 


c  =  log  r  m  —  log  g  y  =  —  log  b  (18-6/) 


or 


c  =  Dr  m  =  Dg  y  =  Db 


(18 -6g) 


These  equations  state  that  the  equivalent  neutral  densities,  c,  m,  and 
y,  of  the  dyes  in  the  reproduction  must  be  equal,  respectively,  to  the 
exposure  densities,  Dr,  Dy,  and  Db.  They  are  the  same  as  equations 
17-10  derived  for  the  additive  processes  except  that  they  are  expressed 
in  terms  of  exposure  densities  and  dye  densities  rather  than  exposure 
transmittances  and  image  transmittances. 

The  chromaticities  of  the  effective  primaries  for  dye  set  C  are  shown 

in  Fig.  18-5.  The  corresponding  sensitivity  distributions  are  given  in 
Fig.  18-6. 
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Fig.  18-5  Chromaticities  of  the  effective  primaries  for  dye  sets  B  and  C. 
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Pig.  18-6  Sensitivity  distributions  corresponding  to  the  primaries  of  dye  sets  B 
and  C. 
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block  dyes  with  unwanted  ABSORPTIONS 

It  can  also  be  shown  that,  if  the  sensitivity  distributions  are  properly 
chosen,  linear  color  reproduction  equations  lead  to  exact  colorimetric 
reproduction  for  a  photographic  system  making  use  of  hypothetical  block 
dyes  with  unwanted  absorptions.  In  this  case,  however,  each  dye  equiv¬ 
alent  neutral  density  must  be  a  function  of  all  three  exposure  densities, 

Dr,  Dq,  and  Db. 

Each  of  the  block  dyes  with  unwanted  absorptions  has  uniform 
density,  and,  therefore,  uniform  transmittance,  throughout  each  of  three 
spectral  regions.  It  follows  that  each  integral  in  the  general  equations 
18-4c  (which  give  the  tristimulus  values,  X',  Y',  and  Z',  of  any  small 
area  of  the  photograph  as  functions  of  the  equivalent  neutral  densities 
of  the  dyes  in  this  area)  can  be  rewritten  as  the  sum  of  three  integrals, 
and  that  over  the  spectral  range  of  each  of  these  latter  integrals  the 
three  dye  transmittances  -will  be  constant.  They,  therefore,  can  be 
taken  outside  the  integral  sign.  The  tristimulus  value  X'  could  be 
expressed  as 

X'  =  Tc3cTm3mTv3*  PxPd A 

+  Tc2cTm2mTy2y  f  \-Pd\  +  TcicTmXmTyiy  f  'xPd\  (18-7*) 

JXl  J\ o 

The  equations  for  Y'  and  Z'  would  be  the  same  except  that  y  and  2 
would,  in  the  two  respective  cases,  replace  a.  The  quantities  Tc3,  Tm3, 
and  Tv3  represent  the  transmittances  of  the  cyan,  magenta,  and  yellow 
dyes,  respectively,  in  the  third,  or  red,  spectral  region.  The  other  T's 
apply  similarly  to  the  other  two  spectral  regions. 

The  integrals  in  equation  18  •  7cz  are  identical  with  those  in  equations 
18- 6b.  As  before,  therefore,  these  three  integrals  will  be  called  Xr,  X(/, 
and  Xb,  respectively.  The  equation  for  X',  along  with  the  equations 
for  Y'  and  Z',  then  can  be  written  as 

X'  =  {Tc3  Pm3m T y3v) Xr  +  ( Tc2cTm2mTv2y)Xg 
+  (TclcTmlmTyly)Xb 

Y'  =  ( Tc3  Tm3m ry3v) Yr  +  {Tc2cTm2mTy2v)Yg  (18-7*) 

+  (TcicTmimTyiv)Yb 

Zf  =  (re3e7W»  TyZv)Zr  +  C Tc2cTm2mTy2y)Zg 
+  (TacTmYTvly)Zb 
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These  equations  are  similar  to  equations  developed  in  considering 
additive  color  reproduction  theory.  For  example,  they  are  identical 
with  equations  17 -la,  provided  that  r,  g,  and  b,  the  red,  green,  and 
blue  transmittances  associated  with  the  three  primaries  of  the  additive 
photograph  are  related  to  the  dye  transmittances  in  the  subtractive 
photographic  process  as  follows: 

r  =  Tc3cTm3mTy3y  g  =  Tc2cTm2mTy2y  b  =  TclcTmlmTylv  (18-7 c) 

For  additive  processes  it  was  also  shown  that  exact  colorimetric  repro¬ 
duction  was  possible  provided  that  the  three  transmittances,  r,  g,  and 
b,  were  equal  to  the  three  exposure  transmittances,  Tr,  T,„  and  Tb 
(equations  17 TO),  and  that  the  sensitivity  distributions  of  the  process 
corresponded  to  the  three  visual  color-mixture  curves  associated  with 
the  primaries  of  the  process.  Applying  this  same  result,  we  obtain 

f-p  rp  c'p  m  rp  y  rp  _  rp  crp  mrp  y 

1  r  *  c3  *  m3  *  y3  g  ~~  c2  *  m2  y2 

Tb  =  TclcTmlmTylv  (\8-7d) 

The  exposure  transmittances  Tr,  T„,  and  Tb  depend  only  upon  the 
characteristics  of  the  original  subject  when  photographed  and  upon  the 
sensitivity  distributions  of  the  taking  photographic  material;  they  are 
defined  in  exactly  the  same  way  for  subtractive  processes  as  for  additive 
processes. 

A  more  convenient  form  for  equations  18* 7<J  is  obtained  if  the  nega¬ 
tive  logarithms  are  taken  of  both  sides  of  each  equation.  The  three 
exposure  transmittances,  Tr,  Ty,  and  Tb,  then  become  exposure  densities, 
Dry  Dg,  and  Db,  giving 

Dr  =  cDC3  +  mDmZ  +  }’Dy3 

Dg  =  cDC2  +  mD,n2  +  yDV2  (18*  7<?) 

Db  =  cDd  +  tnDmi  +  yDyl 

In  these  equations  Dc3  =  -  log  Tc3,  and  so  on,  for  the  other  quantities. 

The  three  equations  in  18 -7c  can  now  be  solved  to  give  c,  m,  and  y 
as  functions  of  D,,  D„  and  Db.  The  results  may  be  written  as 

C  =  g\\Dr  +  gl2Dg  +  gnDb 

m  =  g2\DT  +  g22Dg  +  g2zlh 

y  =  gsiDr  +  g32Dg  +  g3sDb 
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(18-7/) 


in  which 

gn  =  (l/A)(DnaDwi  -  Dy2Dmi)  gi2  =  (-l/A)(ZW>i,i 

g2l  =  (-1/A )(De2Dvi  ~  Dy2Dc i)  g22  =  (1/A)(Dc8A,i 

£31  =  (1/A) (Dc2Dmi  ~  Dm2Dci)  g32  =  (-l/A)(Dc3Dmi 

^13  =  (l/A)(Dm3Dy2  —  DysDm2 ) 

£23  =  (~  l/A)(DC3Z)i/2  DysDc2) 

£33  =  (1/A)  (Dc3Z)OT2  Dm3,Dc2) 


Dy^Dml) 

Dy^Dcl) 

DmsDcl) 

(18-7^) 


and 


Dc  3 

Dm3 

Dy3 

A  = 

Dc2 

Dm2 

Dy2 

Dei 

Dml 

Dyl 

as 

illustrated  in 

Fig.  18 

•  3,  the  values  of 

the  T’s  are 

00 

=  0.15 

TmZ 

=  0.71 

Ty3 

=  0.93 

tc2 

=  0.59 

Tm2 

=  0.24 

Ty2 

=  0.73 

(18  •  IK) 

Tci 

=  0.66 

Tm  1 

=  0.54 

Tyl 

=  0.28 

The  effective  additive  primaries  are  the  same  as  those  in  the  preceding 
example  and  as  plotted  in  Fig.  18-5.  The  sensitivity  distributions  as 
given  in  Fig.  18-6,  therefore,  also  apply.  The  color  reproduction  equa¬ 
tions  are  given  by 

c=  1.31Dr  -  0.31Dg  +  0.01D6 
m  =  — 0.43Dr  +  1 .88Dg  -  0.4 6Db  (18-7/) 


y  =  -0.22 Dr  -  0.32 Dg  +  2.04D& 

Equations  18 -If  are  a  set  of  color  reproduction,  or  “masking,”  equa¬ 
tions  which,  for  block  dyes  with  unwanted  absorption,  give  the  condi¬ 
tions  which,  along  with  the  proper  choice  of  sensitivity  distributions,  are 
sufficient  for  exact  colorimetric  reproduction  in  a  subtractive  color  pho¬ 
tographic  process.  As  discussed  earlier  (see  p.  639),  these  equations  are 
of  the  same  form  as  those  used  in  most  treatments  on  subtractive  color 
reproduction  theory.  No  known  real  dyes  have  spectral  absorption 
characteristics  which  have  been  assumed  for  the  block  dyes.  It  is 
evident,  therefore,  that  the  theory  which  has  been  developed  cannot 
be  applied  quantitatively  to  real  dyes.  However,  the  quantitative  exam¬ 
ple  illustrated  in  Fig.  18  -  3  and  by  equations  18-7*  was  chosen  to  approxi¬ 
mate  the  absorption  characteristics  of  the  real  dyes  of  Fig.  18-2,  and 
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to  the  extent  that  the  mixture  characteristics  of  the  two  sets  of  dyes 
arc  similar,  the  subtractive  theory  developed  for  the  block  dyes  with 
unwanted  absorptions  would  apply  to  the  real  dyes. 

Despite  the  basic  differences  between  real  dyes  and  the  hypothetical 
block  dyes  which  have  been  considered,  the  theory  of  color  reproduction 
as  developed  for  block  dyes  is  of  interest.  First  of  all,  it  provides  a 
connecting  link  between  additive  and  subtractive  color  reproduction 
theory.  Tor  block  dyes  without  unwanted  absorptions,  the  theory  is 
completely  analogous  to  that  for  additive  processes.  For  block  dyes 
with  unwanted  absorptions,  the  theory  becomes  analogous,  provided 
linear  masking  equations  are  used.  Furthermore,  for  real  dyes  linear 
masking  equations  cannot  be  found  which  will  give  exact  colorimetric 
correspondence  between  the  photograph  and  the  original  subject.  In 
fact,  it  is  likely  that  the  hypothetical  block  dyes  with  unwanted  absorp¬ 
tions  represent  the  most  complicated  types  of  dyes  for  which  linear  mask¬ 
ing  theory  can  be  rigorously  applied.  These  considerations  lead  to  other 
reasons  for  the  importance  of  the  theory  developed.  Since  a  rigorous 
linear  theory  for  real  dyes  cannot  be  found,  the  objective  might  best 
be  altered  to  developing  a  linear  theory  which  results  in  the  minimum 
discrepancies  in  colorimetric  reproduction.  Block  dyes,  both  with  and 
without  unwanted  absorptions,  provide  one  approach  to  such  a  theory. 
There  are  also,  of  course,  several  other  approaches.  Some  of  these 
will  be  considered  in  subsequent  sections  of  this  chapter. 

In  one  type  of  situation  obtainable  in  practice  the  theory  which  has 
been  developed  is  rigorously  applicable.  This  is  one  in  which  the  photo¬ 
graph  is  viewed  by  an  illumination  consisting  of  three  monochromatic 
lines  of  spectral  radiation.  The  three  lines  should  be  chosen  from  the 
red,  green,  and  blue  spectral  regions,  and  their  relative  intensities  should 
be  balanced  so  that,  when  viewed  in  combination,  they  match  the 
chosen  white  light  for  the  system.  For  such  a  type  of  illumination, 
any  set  of  three  real  photographic  dyes  would,  in  their  effects  on  the 
light,  be  identical  with  block  dyes  with  unwanted  absorptions,  dhc 
theory  which  has  been  developed  would  therefore  apply. 

UNSTABLE  PRIMARIES 

In  their  paper  on  additive  color  reproduction  theory,  Hardy  and 
Wurzburg  (1937)  stated  that*the  principles  that  they  had  developed 
could  be  extended  to  apply  to  subtractive  color  photography.  They 
suggested  that,  if,  for  some  given  combination  of  the  three  dyes  of  the 
system,  a  slight  change  in  concentration  be  made  in  one  of  the  dyes, 
the  difference  between  the  spectrophotometric  curves,  calculated  as  a 
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Fig.  13-7  Spectral  density  distributions  of  dye  set  B,  taken  in  pairs  at  concentra¬ 
tions  of  unit  equivalent  neutral  densities;  (a)  magenta  and  yellow  dyes;  (b)  cyan  and 
yellow  dyes;  (c)  cyan  and  magenta  dyes. 
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chromaticity,  would  serve  to  identify  the  additive  primary  which,  in 
effect,  this  dye  controlled.  Ilardy  and  Wurzburg  pointed  out  that  the 
primary  so  identified  would  not  be  the  same  if  a  different  combination 
of  dyes  was  used  as  a  starting  point.  The  primaries  would,  therefore, 
depend  upon  the  dye  mixture  taken  as  the  starting  point  and  may  be 
referred  to  as  “unstable  primaries”  (MacAdam,  1938(2,  p.  400).  Because 
of  the  great  dependence  of  the  chromaticities  of  the  primaries  upon 
the  initial  dye  combinations,  this  method  has  been  given  little  serious 
consideration. 


STABLE  PRIMARIES 


One  of  the  earliest  attempts  at  a  comprehensive  treatment  of  the 
theory  of  subtractive  color  photographic  reproduction  was  made  by 
MacAdam  (1938(2,  1938b).  He  pointed  out  the  limitations  of  the 
unstable  primaries  method  (MacAdam,  1 938c2,  p.  400)  introduced  by 
Hardy  and  Wurzburg  and  went  on  to  develop  a  “law  of  subtractive 
color  mixture”  which  provided  a  means  of  selecting  a  set  of  primaries 
which  would  be  unique  for  any  given  set  of  dyes.  His  method  may 
therefore  be  characterized  as  the  “stable-primaries”  method. 

The  procedure  by  which  primaries  are  found  for  the  stable-primaries 
method  can  be  seen  readily  by  applying  it  to  block  dyes  with  unwanted 
absorptions.  Such  a  set  of  dyes  was  illustrated  in  Fig.  18’ >.  These 
same  dyes,  taken  in  pairs  of  equal  concentration  in  units  of  equivalent 
neutral  density,  are  shown  in  Fig.  18 * 7(2,  b,  and  c.  The  solid  line  in 
each  case  indicates  the  spectral  densities  of  the  mixture.  If  the  con¬ 
centration  of  each  of  these  combinations  is  varied  from  zero  to  a  high 
value,  the  loci  of  chromaticities  as  functions  of  concentration  are  given 
by  (2,  b,  and  c  in  Fig.  18-8.  The  lines  are  curved  and  they  terminate 
at  points  on  or  inside  the  spectral  locus.  For  the  dyes  illustrated,  the 
terminal  points,  R,  G,  and  B,  give  the  maximum  excitation  purities 

possible,  even  at  infinite  concentrations. 

For  these  same  dyes  it  is  possible  to  find  a  ratio  of  concentrations 
for  each  pair  in  which  the  absorption  is  uniform  over  two  of  the  three 
regions  of  the  spectrum.  Such  combinations  are  shown  in  Fig.  18-9. 
If  the  concentration  of  each  of  these  combinations  is  varied  from  zero 
to  a  high  value,  the  chromaticity  plots  obtained  are  straight  lines,  as 
indicated  by  </,  b',  and  o'  of  Fig.  18-8  These  lines  have  the  same 
terminal  points,  R.  G,  and  B,  as  had  the  three  curved  lines. 

The  chromaticity  points  R,  G,  and  B  in  Fig.  18-8  are  identical  with 
those  for  the  block  dyes  illustrated  in  Fig.  18-5.  If,  therefore,  ey 
taken  as  the  chromaticities  of  the  effective  primaries  of  the  systei  , 
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are 


the  same  sensitivity  distributions  as  shown  in  Fig.  18-6  will  be  °bta*"^ 
The  color  reproduction  equations  will  be  equations  lire  more 

general  equations  applying  in  a  similar  fashion  to  any  other  sets  o 

block  dyes  are  given  by  equations  18-  If. 

In  illustrating  his  method,  MacAdam  made  use  of  the  real  dyes 
whose  spectral  reflectance  distributions  are  given  in  Fig.  18-10  By  a 
process  of  trial  and  error,  MacAdam  found  combinations  of  the  dyes 


Fig.  18-8  Chromaticity  loci  of  combinations  of  the  cyan  (c),  magenta  (m)  and 
yellow  (y)  dyes  of  dye  set  B:  (a)  m  -f  y,  (b)  c  -f-  y,  (c)  c  +  m,  (a')  1.14m  +  l.OOy, 
(■ b ')  1.00c  +  1.23y,  and  (c')  1.00c  +  1.23m. 

in  pairs  which  would  give  nearly  straight  lines  on  the  chromaticity 
diagram.  Ihese  combinations,  in  the  concentration  units  used  by 
MacAdam,  were  (C  +  M),  (C  +  1.4Y),  and  (M  +  0.8Y).  The  three 
chromaticity  loci  corresponding  to  these  pairs  are  shown  by  the  heavy 
lines  terminating  at  the  points  R,  G,  and  B  in  Fig.  18-11.  The  terminal 
points  themselves  were  established  as  the  intersections  of  these  lines 
with  other  lines  obtained  by  adding  the  combinations  in  the  same 
ratios  to  other  starting  combinations.  These  three  points,  R,  G,  and  B, 
establish  the  effective  additive  primaries  of  the  system,  and,  therefore, 
the  sensitivity  distributions.  The  latter  are  plotted  in  Fig.  18-12. 

As  a  basis  for  deriving  color  reproduction  equations,  MacAdam  pos¬ 
tulated  an  additivity  law  for  dye  densities  to  the  three  primaries. 
Colorimetric  rather  than  radiometric  specifications  defined  each  of  the 
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Fic  18-9  Spectral  density  distributions  of  pairs  of  dyes  in  dye  set  B  having  uniform 
density  through  two  of  the  three  regions  of  the  visible  spectrum.  («)  Magenta  plus 
yellow  in  proportions  of  1.14:1.00,  (6)  cyan  plus  yellow  in  proportions  of  1.00.1.2s, 
and  (c)  cyan  plus  magenta  in  proportions  of  1.00:1.2?. 
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three  primaries,  and  they  could  be  either  outside  or  inside  the  domain 
of  realizable  colors.  The  additivity  law  may  be  written  as 

Dr  =  Dc+  vrDm  +  VfDy 

Dt  =  VccDr+  Dm+Vt*Dy  (IS'N 

Db  =  ncDc  +  *7“D»  +  Dv 

Dc  represents  the  density  of  the  cyan  dye  to  the  red  primary;  Dm,  the 
density  of  the  magenta  dye  to  the  green  primary;  and  D„,  the  density 
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Fig.  18- 10  Reflectance  distributions  of  real  dyes  used  by  MacAdam  (1938b,  p.  472); 
(d)  cyan  dye,  (b)  magenta  dye,  (c)  yellow  dye. 

of  the  yellow  dye  to  the  blue  primary.  V/  is  the  density  of  the  cyan 
dye  to  the  green  primary,  divided  by  its  density  to  the  red  primary. 
Vbc  is  the  density  of  the  cyan  dye  to  the  blue  primary,  divided  by  its 
density  to  the  red  primary.  The  other  V’s  are  similarly  defined. 

rl  he  substance  of  MacAdam’s  additivity  law  is  that  the  density  of 
any  combination  of  dyes  to  one  of  the  primaries  is  equal  to  the  sum 
of  the  densities  of  the  individual  dyes  to  this  primary.  The  law  was 
not  intended  to  apply  with  any  primaries  other  than  the  three  selected 
by  the  procedure  already  described  (see  p.  651).  Even  for  these  prima¬ 
ries  the  law  is  not  strictly  obeyed  and,  in  fact,  cannot  be  so  obeyed 
for  any  dyes  except  the  hypothetical  block  dyes.  It  was  thought,  how¬ 
ever,  that  for  any  given  dye  set  the  primaries  for  which  the  law  was 
most  nearly  applicable  would  be  those  selected  according  to  the  recom¬ 
mended  procedure. 

The  values  of  the  coefficients,  the  V’s,  in  equations  18-8 a  are  found 
as  follows.  Tristimulus  values  of  various  concentrations  of  individual 
cyan,  magenta,  and  yellow  dyes  are  first  determined.  The  amounts 
of  the  red,  green,  and  blue  primaries  necessary  to  give  a  colorimetric 
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Fig.  18-11  Chromaticity  diagram  indicating  the  chromaticities  of  various  mixtures 
of  the  cyan,  magenta,  and  yellow  dyes  illustrated  in  Fig.  18-10  (MacAdam,  lOiSb, 
p.  473). 


match  to  each  of  these  concentrations  may  then  be  calculated  by  means 
of  the  following  equations  derived  from  the  tristimulus  values  of  the 
three  primaries: 

Tr  =  \A6X-  0.21  y  -  0.19Z 

Tg  =  -0.60X  +  1 A2Y  +  0.14Z  (18-8^) 

Tb  =  0.05  .Y  -  0.09 y  +  0.88Z 


From  equations  18- 8d  it  is  evident  that  for  any  patch  of  film  contain 
ing  only  cyan  dye 

Dr  =  De  De  =  VtcDc  Db  =  VtD. 


(18 -8c) 


Therefore,  the  coefficients  V/  and  W  are  given  by 

Vtc  =  De/Dr  Vbc  =  Db/Dr  (18  *  8^/) 

Thus  these  coefficients  may  be  determined  by  finding  the  negative 
logarithms  of  Tn  T„  and  Tb,  and  taking  their  ratios  as  indicated  m 
equations  18 -8d.  By  using  patches  of  film  consisting  only  of  magenta 
dye  and  only  of  yellow  dye  the  other  coefficients  may  be  determined 

in  a  similar  way. 
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Fig.  18-12  Sensitivity  distributions  corresponding  to  primaries  R,  G,  and  B  shown 
in  Fig.  18-11  (MacAdam,.  1938b,  p.  476). 

The  values  of  the  coefficients  found  by  this  procedure  changed  with 
increasing  concentration  of  the  individual  dyes.  Representative  values 
could  be  chosen,  however,  giving,  for  the  example  used, 

D,  =  Dc  +  0.420, „  +  O.O50„ 

De  =  0.60DC  -f-  D,„ +  0.12/2,,  (18-  9a) 

Db  =  O.240c  +  0.42D„,  +  0„ 

A  solution  of  these  three  equations  for  Dc,  Dm,  and  Dv  in  terms  of 

Dr,  D0,  and  Db  gives 

Dc  =  1.32Dr  -  0.55D* 

D,n  =  — 0.79Dr  +  1.37Dg  -  0.12D6  (18-  9^) 

Dv  =  0.02Dr  -  0A5Dg  +  1.04D6 

For  unit  equivalent-neutral-density  amounts  of  the  dyes,  Dr  =  D  = 
Db  =  \,  and  c  =  m  =  y  =  1.  From  these  relationships  and  equations 
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18-9a,  it  is  found  that  c/D„  =  1.30,  m/D„,  =  2.17,  y/Dy  =  1.64,  and 
the  color  reproduction  equations  become 

c  =  1.727J>r  -  0.72/J>g 

m  =  -1.7lDr  +  2.91  Dg  -  0.26 Db  (18-9 c) 

y  =  0.03 Dr  -  0.7 3Dg  +  1.70D6 

I  lie  unique  feature  of  MacAdam’s  method  is  in  its  procedure  for 
establishing  effective  primaries  for  the  subtractive  system  which,  in 
theory  at  least,  are  related  to  this  system  as  additive  primaries  are 
related  to  additive  systems.  In  establishing  the  primaries,  it  provides 
a  specification  of  the  sensitivity  distributions.  The  merit  of  the  method 
can  be  judged  only  by  the  results  it  gives.  On  the  basis  of  computations 
given  by  MacAdam  (1938b),  relatively  close  matches  are  obtainable  in 
the  photographic  reproduction  for  a  rather  wide  variety  of  colors. 

The  method  is,  however,  a  difficult  one  to  apply.  In  order  to 
establish  the  dye  combinations  which  give  straight  line  plots  on  the 
chromaticity  diagram,  large  numbers  of  chromaticity  values  must  be 
computed.  As  there  are  no  lines  which  are  absolutely  straight,  there 
is  no  good  criterion  for  determining  when  a  locus  has  been  located 
which  will  be  better  than  any  other  locus.  MacAdam’s  own  paper 
illustrates  these  difficulties.  None  of  his  so-called  “straight  lines”  arc 
actually  straight,  and  points  somewhat  removed  from  the  chosen  pri¬ 
mary  chromaticities  could  probably  be  found  by  using  other  sets  of 
lines  which  are  equally  straight. 

Two  of  MacAdam’s  primaries  fall  outside  the  spectral  locus.  Actually, 
all  the  chromaticity  loci  obtained  by  adding  any  given  dye  combination 
in  increasing  concentrations  to  various  initial  dye  combinations  must 
converge  to  a  single  chromaticity  point  which  is  on  or  inside  the  spectral 
locus.  MacAdam  used  only  relatively  low  concentrations  and  obtained 
the  points  of  intersection  by  extrapolation.  If  higher  concentrations 
had  been  used,  the  results  might  have  been  somewhat  different.  His 
procedure  can  be  justified  on  the  basis  that  the  primaries  found  give 
results  which  are  more  accurate  in  the  lower-dye-concentration  regions 
which  are  of  most  concern  in  color  photographs.  At  the  same  time, 
however,  variations  in  results  will  be  obtained  by  the  method,  depending 
upon  the  particular  manner  in  which  it  is  applied. 
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an 


EXTENSION  OF  DUPLICATING 


theory* 


Yule  (1938)  developed  a  theory  of  general  color  reproduction  as 
extension  of  duplicating  theory.  His  method  is  based  upon  the  assump¬ 
tion  of  two  required  conditions:  (1)  all  the  color  patches  w  ici  con 
of  the  image  components  of  the  process  under  consideration  must  be 
reproduced  by  the  same  concentrations  of  the  image  components  as 
the  original  patches,  and  (2)  all  patches  whose  visual  appearances  are 
identical,  whatever  their  spectral  composition,  must  be  reproduced  by 


the  same  mixture  of  the  three  image  components. 

In  order  that  the  second  condition  be  fulfilled,  the  film  sensitivity 
distributions  must  correspond  to  a  set  of  color-mixture  curves.  Y  ule 
did  not  state  which  choice  of  color-mixture  curves  should  be  made 
among  the  variety  of  choices  possible. 

Once  the  set  of  color-mixture  curves  has  been  chosen,  the  problem 
is  reduced  to  the  determination  of  the  conditions  necessary  for  the 
exact  duplication  of  the  dyes  of  the  photographic  process.  This  theory 
was  developed  fully  in  Chapter  XV  and  need  not  be  repeated  here. 
It  will  be  recalled,  however,  that,  for  linear  color  reproduction  or 


masking  equations,  exact  colorimetric  reproduction  in  the  duplicate  is 
possible  if  and  only  if  the  effective  exposures  are  obtained  by  essentially 
monochromatic  light.  For  sensitivity  distributions  corresponding  to 
color-mixture  curves  and  normal  daylight  or  tungsten  illumination  the 
exposures  are  obviously  not  of  this  nature. 

Yule’s  two  required  conditions  are  therefore  mutually  exclusive. 
Either  one  can  be  attained,  in  theory  at  least,  but  only  at  the  expense 
of  the  other.  It  is  of  interest,  however,  that  Yule’s  method,  applied 
to  the  block  dyes  of  Fig.  18-3  (with  the  sensitivity  distributions  of 
Fig.  18-6),  would  lead  to  the  same  equations  derived  earlier  (equa¬ 
tions  18*7i). 

As  is  true  for  the  other  methods  which  have  been  discussed,  Yule’s 
extension  of  duplicating  theory  to  general  color  reproduction  must  be 
considered  a  rough  approximation  method  only.  It  is  also  incomplete 
in  that  it  presumes  color-mixture  curves  for  its  sensitivity  distributions 
but  provides  no  basis  for  selecting  the  most  desirable  set  of  such  curves 
for  a  particular  process.  It  is  not  likely  that  all  such  sets  of  curves 
serve  equally  well. 


*  A  color  reproduction  theory  which  is  essentially  a  duplicating  theory  has  been 
developed  in  matrix  form  by  Carl  W.  Miller  (1941).  See  also  Chapter  20  of  his 
book  (Miller,  1942  and  1948). 


Determining  Color  Reproduction  Equations 
with  Assumed  Sensitivity  Distributions 

Equations  18- 5b  give  the  general  form  of  linear  color  reproduction 
or  masking  equations.  Each  equation  contains  four  parameters  (g’s) 
whose  values,  for  a  particular  assumed  process,  must  be  determined, 
hor  any  selected  set  of  sensitivity  distributions,  it  is  possible  to  determine 
values  of  these  constants  which  will  give  optimum  reproduction  for  a 
finite  number  of  chosen  colors. 

EXACT  REPRODUCTION  OF  A  S  M  ALL  NUMBER  OF 
COLORS 

Marriage  (1948)  showed  that  the  parameters  (gamma  values)  in  the 
color  reproduction  equations  could  be  chosen  to  give  exact  reproduction 
of  a  small  number  of  colors.  To  illustrate  the  method,  suppose  that 
we  have  four  objects,  each  of  homogeneous  color,  in  a  scene  to  be 
photographed.  For  the  assumed  or  established  set  of  sensitivity  distri¬ 
butions  for  the  photographic  process  under  consideration,  the  exposure 
densities  of  each  of  these  object  colors  can  be  determined.  Also,  for 
the  assumed  or  known  spectral  characteristics  of  the  three  dyes  of  the 
process,  it  is  possible  to  determine  the  equivalent  neutral  densities, 
c,  m,  and  y,  of  the  combination  of  dyes  necessary  to  match  each  of  the 
object  colors. 

Let  us  now  consider  the  first  equation  of  equations  18*  5b,  which 
gives  the  cyan  equivalent  neutral  density  as  a  function  of  the  three 
exposure  densities.  For  the  four  colors  just  discussed  it  is  possible 
to  write  this  equation  four  times,  with  actual  numerical  values  for  c, 
Dr,  Df,,  and  Db: 

C\  =  £l0  +  gll^rl  +  £l2^gl  +  gl3^bl 

C2  =  £l0  +  £11^2  +  g\2^>g2  4-  g\3^>b2  (18-10tf) 

c3  =  gio  4-  guDr3  4-  gVlD g3  4"  £13^63 

C4  —  £10  4"  £llA-4  4-  £l2^g4  4"  £13^64 

In  these  equations  Ci  represents  the  equivalent  neutral  density  of  the 
cyan  dye  necessary  to  match  the  first  object  color,  and  Drl,  Dg i,  and  Dhl 
are  the  red,  green,  and  blue  exposure  densities  of  this  object  color. 
Subscripts  2,  3,  and  4  refer  to  the  other  three  colors.  For  the  known 
values  of  the  cyan  equivalent  neutral  densities  and  the  various  exposure 
densities,  it  is 'possible  to  solve  simultaneously  the  four  equations  of 
18-  \0a  to  determine  numerical  values  of  gio>  gin  gi2,  and  gi3-  Similarly, 
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by  using  the  green  exposure  densities  and  the  magenta  eqmvalent  neu¬ 
tral  densities  for  the  four  colors,  m,  m2,  m3  and  m4  the  values  of 
£.)0  p21  a22,  and  g2:{  of  equations  18-5 b  can  be  found.  Use  of  the  blu 
exposure  densities  and  the  yellow  equivalent  neutral  densities,  }’i,  >2, 

v„  and  y4,  yields  the  coefficients  gso,  gsi,  gs2,  and  &3- 

There  are,  of  course,  certain  restrictions  on  the  choice  of  colors  wine  1 
can  be  used  to  derive  the  equations.  The  exposure  densities  for  any 
one  object  color  cannot  be  exact  multiples  of  the  exposure  densities 
of  any  others,  nor  can  linear  combinations  of  any  two  or  three  sets  ot 
exposure  densities  be  made  which  give  any  other  set.  This  is  equivalent 
to  saying  that  mathematically  the  exposure-density  values  are  inde¬ 
pendent  of  each  other;  their  determinant  must  not  be  zero. 

By  using  smaller  numbers  of  colors,  conditional  equations  on  the  g’s 
can  also  be  applied.  If,  for  example,  it  is  decided  that  a  scale  of 
neutrals  is  to  be  reproduced  at  constant-color  balance  with  a  gradient 
of  unity,  the  conditional  equations  can  be  applied: 


£11  +  £12  +  £13  =  1 

£21  4~  £22  T  £23  =  1  08  •  10*) 

<§31  +  <§32  4”  <§33  =  1 

With  these  conditional  equations,  exact  matches  can  be  obtained  for 
any  three  chosen  colors. 

Assuming  monochromatic  exposures  and  a  set  of  dyes  similar  to  those 
used  in  real  processes,  Marriage  (1948)  illustrated  his  method,  using 
flesh,  green  grass,  and  a  neutral  as  his  object  colors.  Also  he  assumed 
gio  =  g2o  =  g3o  =  0.  The  equations  he  obtained  were 


c  =  1.32 Dr  -  0.48Dg  +  0.16Dfc 

m  =  — 0.41Dr  +  1.57Dfi  -  0.1 6Db  (18  -10c) 

y  =  — 0.02Dr  -  0.47Dg  +  1.49D6 

With  the  values  of  g10,  g2o,  and  g30  set  equal  to  zero  and  with  one 
neutral  included  among  the  three  colors,  the  whole  scale  of  neutrals 
will,  of  course,  be  reproduced  exactly. 

The  values  of  the  constants  in  the  color  reproduction  equations  as 
found  by  this  method  depend  upon  the  particular  criterion  colors 
chosen,  as  well  as  upon  the  dye  set  and  the  sensitivity  distributions. 
In  fact,  the  close  resemblance  between  the  equations  derived  by  Mar¬ 
riage  and  those  derived  by  other  means  (compare  equations  18- 10c  with 
18- 9b  or  18 •  7i)  resulted  from  a  fortunate  choice  of  criterion  colors. 
Brewer,  Ilanson,  and  Ilorton  (1949)  have  shown  that  the  masking 
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requirements,  as  determined  for  other  choices  of  criterion  colors,  were 
quite  dissimilar  to  those  obtained  by  Marriage,  and  some  were  obviously 
not  satisfactory  for  use  in  reproducing  normally  occurring  colors  other 
than  those  selected. 

It  \\  ill  be  noted  that  there  are  inherent  in  this  method  no  assumptions 
as  to  the  nature  of  the  sensitivity  distributions.  These  may  or  may  not 
be  color-mixture  curves.  In  either  case,  the  resulting  equations  indicate 
the  conditions  for  exact  reproduction  for  the  assumed  criterion  colors 
by  the  particular  type  of  assumed  process.  The  use  of  color-mixture 
curves  as  the  sensitivity  distributions  may  or  may  not  improve  the  repro¬ 
duction  of  other  colors. 

APPROXIMATE  REPRODUCTION  OF  A  LARGER 
NUMBER  OF  COLORS 

Although,  at  most,  the  number  of  distinctly  different  colors  for  which 
a  set  of  linear  color  reproduction  equations  can  be  made  to  give  exact 


Pig.  18-13  The  three  spectral  sensitivity  distributions  of  the  assumed  film  (Brewer, 
Hanson,  and  Horton,  1949,  p.  925). 

matches  is  four,  approximate  reproduction  can  be  obtained  for  a  largci 
number.  This  may  be  demonstrated  by  means  of  an  example.  A  photo¬ 
graphic  process  will  be  assumed  in  which  the  dyes  are  those  of  Fig.  ■- 
and  the  spectral  sensitivity  distributions  are  those  illustrated  in  Fig. 
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The  colors  to  be  considered  in  the  color  reproduction  process Qa^  seven 
Munsell  samples  which  are  listed  in  the  first  column  of  Fig.  lb-  4.  x- 
posurc  densities  of  each  of  these  patches  with  the  sensitivities  of  big. 
18-13  and  CIE  Illuminant  C  are  given  in  the  second,  third,  and  fourth 
columns  of  the  table.  With  the  same  illuminant,  the  amounts  of  the 
dyes  of  the  process  which  would  be  required  to  match  each  sample  are 
given  in  columns  five,  six,  and  seven.  For  each  of  the  dyes  seven  dif¬ 
ferent  equations  can  be  set  up,  similar  to  those  of  equations  18-lOd, 

Figure  18-14 


Dr 

Dg 

Db 

c 

m 

y 

G5/8 

1.08 

0 . 67 

1.06 

1.72 

0.13 

1.00 

RPA/n 

0.37 

1.06 

0.72 

0.12 

1.61 

0.60 

BG5/6 

0.97 

0.62 

0.71 

1 .49 

0.27 

0.51 

PB3/ 12 

1.36 

0.99 

0.69 

1.88 

1.00 

0.02 

RS/4 

0.14 

0.27 

0.30 

0.06 

0.34 

0.31 

Y8/6 

0.19 

0.27 

0.65 

0.17 

0.13 

0.99 

m/12 

0.25 

0.64 

1.35 

0.02 

0.60 

2.03 

Fig.  18-14 

Exposure 
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seven  Munsell 

colors 

and  equivalent 

neutral 

densities  of  the  dyes  of  Fig.  18-2  necessary  to  match  them  (Brewer,  Hanson,  and 
Horton,  1949). 

giving  the  dye  densities  as  functions  of  the  exposure  densities.  As 
there  are  only  four  parameters,  not  all  seven  of  these  equations  (which 
are  independent)  can  be  satisfied.  By  the  method  of  least  squares, 
which  minimizes  the  sums  of  the  squares  of  the  differences  between 
the  equivalent  neutral  densities  required  for  exact  colorimetric  matches 
and  those  given  by  the  reproduction  equations,  a  color  reproduction 
equation  for  each  dye  can  be  determined,  however,  which  gives  ap¬ 
proximate  reproductions  for  all  seven  colors.  For  these  particular  colors 
the  results  are 

c  =  1.87Dr  -  0.78Z)g  -  0.07A,  +  0.12 

m  =  -0.6 5Dr  +  2A5Dg  -  0A9Db  -  0.02  (18-11) 

y  =  — 0.53Dr  -  0.36Dg  +  1.90D6  -  0.10 

1  lie  unit  of  measurement  in  determining  departures  from  exact  repro¬ 
duction  for  the  above  equations  is  equivalent  neutral  density.  If, 
through  a  transformation  of  variables,  the  equivalent-neutral-density 
differences  can  be  expressed  as  visual  differences,  these  differences  may 

be  converted  to  visual  units.  The  computations,  however,  become  much 
more  difficult. 


Summary  and  Generalization  of  Subtractive 
Color  Reproduction  Theory 

In  symbolic  form,  a  precise  and  complete  statement  of  the  problem 
of  reproduction  in  color  photographic  processes  can  be  given.  Such  a 
statement  is  so  generalized  that  few  specific  deductions  can  be  made 
from  it;  nevertheless,  it  gives  an  overview  of  the  problem  which  places 
the  various  parts  in  their  proper  perspective.  As  it  encompasses  the 
whole  problem,  further  development  of  the  theory  becomes  primarily 
that  of  filling  in  the  necessary  detail  in  the  individual  steps.  Any 
known  means  of  supplying  this  detail  involves  many  simplifying  assump¬ 
tions,  so  that  high  accuracy  for  any  of  the  results  cannot  be  claimed. 
By  proceeding  from  the  generalized  statement  of  the  problem  it  is 
hoped,  however,  that  the  nature  of  these  assumptions  can  be  better 
understood  and  that  the  way  is  left  open  for  the  use  of  better  assump¬ 
tions  as  more  facts  are  provided  from  experimental  evidence. 

In  obtaining  a  color  photograph  the  first  basic  step  is  that  in  which 
light  from  the  subject  enters  the  camera  and  produces  minute  changes 
in  the  grains  of  the  film  emulsions.  The  changes  are  of  a  differential 
nature  so  that,  upon  development,  certain  of  the  grains  will  result  in 
the  formation  of  dye  whereas  the  others  will  not. 

Considered  in  terms  of  pairs  of  small  areas,  say  A  and  A'  of  the  subject 
and  photograph,  respectively,  the  extent  to  which  the  grains  at  A'  become 
developable  depends  upon  the  radiant  energy  incident  upon  the  ele¬ 
mental  area  A,  and  upon  the  reflectance  R  (or  transmittance,  as  the 
case  may  be)  of  the  subject  surface  at  A.  Other  factors,  such  as  sur¬ 
rounding  intensities,  camera  aperture,  and  the  like,  are  also  involved. 
Without  attempting  to  identify  all  these  factors  it  is  possible  to  represent 
the  general  relationship  as: 

(*i,  *2>  *8»  *  *  *)  (//,  R,  *  •  •) 

The  letters  II  and  R  denote  the  spectral  illumination  and  reflectance, 
respectively,  of  the  object,  ely  e2,  and  e3  denote  amounts  of  three  dif¬ 
ferent  types  of  changes  taking  place  in  the  film  emulsion,  and  the 
dots  •  •  •  within  both  sets  of  parentheses  merely  imply  that  quantities 
in  addition  to  those  already  included  may  be  necessary  to  cover  the 

situation  completely.  , 

The  symbolic  relationship  may  be  described  as  a  correspondence  rela¬ 
tionship  and  as  such  can  itself  be  given  a  name  or  symbol  as  for 
example,  <t>.  If  this  is  done,  then  whenever  the  symbol  *  is  written, 
what  is  meant  is  the  correspondence  which  gives  {eu  e2,  ea,  •••)  when¬ 
ever  all  the  necessary  elements  of  (H,  R,  •  •  •)  arc  specified. 
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Identifying  the  correspondence  relationship  with  a  name  also  came 
Jh it the  implication  of  a  correspondence  under  a  par Ucu  a,  set  of 

conditions.  A  correspondence  *  between  (H,  R.  •  •  • )  and e,  a, 
mieht  for  example,  be  determined  for  one  kind  of  film,  I' or  some  otner 
kind  of  film  the  same  correspondence  would  not  necessan  y  app  Y- 
Seldom  do  more  than  a  few  of  the  assumed  conditions  necr 
identified,  as  they  are  more  or  less  self-evident  from  the  nature  of 

situation  under  consideration.  .  _ , 

Other  essential  steps  in  the  process  of  obtaining  a  co  or  photograf 
can  also  be  thought  of  in  terms  of  correspondences,  and  each  one  can 
be  given  a  symbol  name.  The  particular  choice  of  steps  is,  of  course, 
somewhat  arbitrary,  but  a  series  which  is  believed  to  be  reasonable 
is  described  in  what  follows.  In  order  to  facilitate  reference  to  the 
entire  set  of  correspondences,  the  symbols  which  denote  each  ot  them 
and  their  elements  are  first  given  in  equations  18-12: 


Y 

( Cu  C3,  •  ’  ‘)  (*1>  ^2,  ^3)  ’  •  0 

(Xi,  X2',  *3',  •  ‘  (cl>  c2,  ^3>  •  •  *)  (18-12) 

ft 

(*1,  *2>  *3>  •  •  •)  (H,  Ry  •  •  •) 


(#l',  Xo\  X3'y  •••)<-  (xu  X2y  *3>  •  •  •) 

The  correspondence  r  is  one  between  the  elements  of  (ei,  e2,  *  *  *)» 

representing  the  status  of  the  film  prior  to  its  development,  and  (ci,  c2, 
c3,  •••)  which  serve  to  describe  the  physical  nature  of  the  image  of 
the  final  photograph  which  is  to  be  viewed.  Three  quantities  may  or 
may  not  be  a  sufficient  number  for  an  adequate  description.  If  not, 
the  number  may  be  increased  as  indicated  by  the  dots. 

The  final  photograph  may,  of  course,  be  produced  by  means  of  a 
positive  reversal  film,  by  means  of  separation  negatives,  by  means 
of  color  negatives  and  positives,  or  by  any  combination  of  these  possi¬ 
bilities.  The  correspondence  r  is  intended  to  cover  all  stages  from 
the  initial  undeveloped  camera  film  to  the  final  photograph.  For 
present  purposes  it  is  not  necessary  to  distinguish  between  these  various 
types  of  processes,  although  in  any  actual  application  the  detailed 
procedure  must  be  taken  into  account. 

All  the  correspondences  ©,  Cl,  and  *  involve  the  human  observer. 
The  correspondence  between  the  physical  and  visual  aspects  of  the 
completed  photograph  is  given  by  ©,  and  that  between  the  physical 
and  visual  aspects  of  the  original  scene,  by  Cl.  The  visual  relationship 
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between  the  photograph  and  the  scene  is  given  by  It  is  probably 
sufficient  that  ®  and  take  into  account  only  those  phases  of  vision 
which  are  sufficient  to  indicate  matching  colors  under  simplified  viewing 
conditions.  A  psychophysical  designation  such  as  that  derived  for  the 
CIE  standard  observer  would  no  doubt  be  adequate  for  most  observers. 
Effects  due  to  contrast,  adaptation,  and  perhaps  other  cognitive  phases 
of  vision  cause  both  the  scene  and  the  photograph  to  have  relationships 
in  appearances  not  indicated  by  such  psychophysical  data.  The  corre¬ 
spondence  'P  is  the  one  toward  which  attempts  to  take  these  factors 
into  account  should  be  directed. 

Specific  names,  such  as  exposing,  developing,  viewing  the  photograph, 
and  so  on,  might  be  applied  to  the  various  correspondences  which  have 
been  described,  and  others,  such  as  exposures,  tristimulus  values,  and 
so  on,  to  the  elements  of  the  quantities  with  which  the  correspondences 
are  concerned.  With  such  names  the  variety  of  factors  might  be  more 
easily  remembered,  and  it  is  certainly  true  that  no  strange  and  basically 
new  concepts  are  involved  which  require  departures  from  existing  estab¬ 
lished  terminology.  On  the  other  hand,  there  seems  to  be  no  set 
of  terms  which  can  be  applied  to  all  the  various  factors,  and,  even 
where  a  particular  term  appears  to  be  a  fairly  obvious  choice,  there  is 
usually  some  question  as  to  its  adequacy  in  covering  the  essential 
concepts  which  are  necessary.  In  this  general  development,  the  wiser 
course  of  action,  therefore,  appears  to  be  that  of  avoiding  controversial 
terminology,  or  even  terms  to  which  established  meanings  which  are 
too  specific  in  nature  can  be  attached.  In  expanding  upon  the  general 
development  these  problems  cannot  be  avoided,  but  for  the  present 
reliance  will  be  placed  on  a  language  of  symbols  rather  than  of  de¬ 
scriptive  terms. 

Of  great  importance  to  color  reproduction  theory  is  the  fact  that 
the  correspondences  <I>,  r,  ®,  fi,  and  *  are  interrelated.  This  may  be 
indicated  by  the  following  equation: 

^/C]=®rT  (18-13*) 


The  series  of  correspondences  'I'C!  and  ©r<l>  indicate  a  generalized  type 
of  multiplication  in  which  the  sequence  of  multiplicative  operations  is 
assumed  to  proceed  from  right  to  left.  More  specifically,  means 
that  the  correspondence  O  is  first  applied  to  (II,  R,  •  •  •)  to  yic  c  (x'i,  Xj, 
x:{,  •  •  • )  and  that  this  result  is  then  converted  into  (x/,  x/,  x3 ,  *  *  * ) 
by  means  of  the  correspondence  In  a  similar  fashion,  ©T<l>  means 
that  is  applied  to  (II,  R,  •••)  to  yield  (eu  e*  e,,  ■  ■  ■),  T  is  applied  o 
this  result  to  give  (c„  c2>  c„  •■•).  and  ®  is  applied  to  tins  result  to 
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give  (x/,  x2',  x3',  •  •  *)•  As  thc  starting  quantities,  (H,  R,  •  *  *)»  and.the 
final  quantities,  (x/,  x2',  x3',  •••)»  are  the  same  in  the  two  cases  it  is 
evident  that  thc  products  of  correspondences  on  the  two  sides  of  the 
equation  may  be  considered  equal  to  each  other. 

Not  only  can  the  products  of  correspondences  be  equated  but,  under 
suitable  conditions,  individual  correspondences  can  be  solved  for  in 
terms  of  products  of  other  correspondences.  For  example,  a  formal 
solution  for  ^  gives 

*  =  ©rT12_1  (18  •  13^) 

This  solution  is  obtained  by  post-multiplying  by  on  both  sides  of 
the  equation.  Assuming  the  multiplication  to  be  associative,  the  prod¬ 
uct  on  the  left-hand  side  of  the  equation,  no-1,  gives  a  unity  quantity 
which  when  multiplied  by  'P  gives  the  same  value  'K 

One  serious  difficulty,  however,  is  involved.  It  pertains  to  the  exist¬ 
ence  of  a  correspondence  O-1.  Such  a  correspondence  exists  if  and 
only  if  to  every  set  of  elements  of  the  quantity  (x/,  x2',  x3',  •  •  • )  there 
is  a  set  of  elements  of  the  quantity  (H,  R,  •••).  In  accordance  with 
colorimetric  theory,  identical  visual  responses  can  be  obtained  from  an 
unlimited  number  of  different  radiant  energy  stimuli,  and,  therefore, 
there  is  no  unique  correspondence  O”1.  By  limiting  the  distributions 
of  H,  R,  and  the  other  elements  of  the  same  quantity  to  specific  types, 
however,  a  unique  correspondence  f2_1  can  be  found.  This  may  be 
done,  for  example,  in  such  processes  as  duplicating  and  copying.  An¬ 
other  possibility  is  to  consider  the  combination  (<!>Q-1)  as  a  single 
correspondence.  By  means  of  proper  sets  of  definitions  this  product 
can  be  shown  to  give  a  one-to-one  correspondence  even  where  Q-1  does 
not. 

The  correspondence  which  is  most  often  of  interest  to  solve  for  is  r. 
It  is  given  by 

T  =  (18  •  13c) 

In  this  case,  ©  1  presents  no  problem,  but  the  question  of  the  existence 
of  a  unique  -fr-1  arises.  Again,  however,  by  suitable  definitions  and 
procedures,  the  difficulties  raised  by  this  question  can  be  surmounted. 


THE  CORRESPONDENCE  3> 


ic  basis  for  applying  thc  correspondence  <J>  in  photography  is  Van 
re\cld  s  law  (see  p.  238).  Assuming  it  to  hold  and  that  the  II  &  D 
curves  for  monochromatic  exposures  of  the  film  are  parallel  to  each 


other,  any  exposure  E*  can  be  defined  as 


Et  = 


TiKij SiPR  d\ 


TiO^ioJ 


(18-14  a) 


SiP  d\ 


in  which  r i  is  the  exposure  time  for  the  z’th  exposure,  Kt  is  a  constant 
dependent  upon  the  conditions  of  exposure,  represents  the  sensitivity 
distribution  of  the  film,  P  represents  the  spectral  energy  distribution  of 
the  illuminant,  R  is  the  reflectance  of  the  particular  region  of  the  scene 
under  consideration,  and  Tf0  and  Ki0  are  the  times  and  constants  of 
exposure  for  some  standard  object,  as,  for  example,  a  perfectly  diffusing 
and  reflecting  (or  transmitting)  object  in  the  scene.  The  negative  log 
exposures,  —  log  E,,  can  also  be  written  as 

-  log  Ei  =  a  -  log  —  -  (18-1 4^) 

T  j-o  A.  j'o 

where  e*  is  the  zth  exposure  density. 

If,  as  is  usually  the  case,  there  are  three  types  of  exposure,  and  if  the 
sensitivity  distributions  correspond  to  color-mixture  curves,  which  must 
be  the  case  if  metamers  in  the  original  scene  are  to  match  each  other 
in  the  photograph,  then  the  three  sensitivity  distributions,  Si,  s2r  S3, 
must  be  linear  transformations  of  the  tristimulus  values  for  unit  amounts 
of  energy,  I’,  y,  and  z,  as 

=  (18-14  c) 

V3'  W 

In  this  equation  A  represents  a  three-by-three  matrix.  Usually  its  ele¬ 
ments  are  normalized  so  that, 

"0-0 

where  X0,  Y0,  and  Z0  are  the  tristimulus  values  of  the  illuminant  for 
the  photographic  system. 

From  equation  18- 14c,  with  the  normalization  as  just  gi\en,  it  can 
be  shown  that  the  exposure  densities  Ci,  e->,  and  c.{  are  given  In 

(18-14*) 


where 


ei  =  —  log  t\ 


=  -  log/3 


(18-14/1 
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THE  correspondence  r 

The  correspondence  T  is  one  relating  the  e*’s,  which  may  be  defined 
as  in  the  preceding  section,  to  the  c/s,  which  are  conveniently  defined 
as  the  equivalent  neutral  densities  of  the  dyes  m  the  color  photograph. 
In  general,  each  ct  must  be  considered  as  a  function  of  all  the  e,  s, 
although  in  some  types  of  color  photographic  processes  there  will  be 
a  one-to-one  correspondence  between  individual  ct  and  et.  In  most 
studies  relating  to  the  theory  of  color  photographic  reproduction  the 
only  functional  relationships  considered  are  linear  ones,  which  may  be 

expressed  as 

ct-Egan.  (I8-15) 

k 

The  correspondence  r  then  becomes  the  matrix  of  elements  in  (gik) 
or  G.  G  is  often  taken  as  a  three-by-three  matrix,  although,  with 
exposure  density  constants,  it  may  be  taken  as  a  three-by-four  matrix. 


the  correspondence  © 

The  tristimulus  values  X,  Y,  and  Z  are  psychophysical  quantities, 
which  may  be  defined  as  (Committee  on  Colorimetry,  1944,  p.  646) 


X  = 


i 


xPT  d\ 


Y 


f 


yPT  d\ 


\zPTd\ 
Z  =  — 

fyPdX 


(18  •  16a) 


where  T  is  the  transmittance  or  reflectance  at  a  small  area,  A',  in  the 
photograph,  P  is  the  illumination  distribution,  and  x,  y,  and  z  are  the 
tristimulus  values  for  equal  amounts  of  radiant  energy,  all  the  quantities 
being  functions  of  wavelength,  A.  Assuming  the  linear  relationships 
discussed  for  the  ct  in  the  preceding  section,  and  that  the  photographic 
image  consists  of  three  and  only  three  colorant  components,  the  trans¬ 
mittance  T  for  the  photographic  image  becomes 

T=  (T1c1)(T2c2)(T3c3)  (18  •  166) 

where  Tly  T2,  and  T3  arc  transmittance  distributions  of  unit  concen¬ 
trations  of  the  colorants,  and  Ci,  c2,  and  c3  are  the  concentrations,  at 
the  point  viewed,  of  the  three  colorants,  respectively. 

Taking  x/  as  X,  x2'  as  Y,  and  x3'  as  Z,  equations  18- \6a  and  18-166 
together  provide  one  means  of  setting  up  the  correspondence  ®. 
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THE  CORRESPONDENCE  ft 


I  lie  tristimulus  values  for  any  point  in  the  original  subject  may  be 
defined  as 


X  = 


fxPR  dX  JyPR  dX  f zPR  dX 

-  Y  = -  Z  =  - 

d\  j yP  dX  CyP  d\ 


(18-17) 


One  possible  means  of  defining  Xi,  x2,  and  x.^  is  as  X,  Y,  and  Z,  respec¬ 
tively.  In  this  case  R  may  have  any  type  of  wavelength  distribution 
and  is  therefore  not  limited  as  is  the  T  of  equations  18-1 6cz  and  18-16 h. 


DETER  M  I  N  I  N  G  111E  G  MATRIX 


Assuming  that  the  photograph  should  yield  exact  colorimetric  match¬ 
ing  between  any  small  area  of  the  photograph  and  the  corresponding 
small  region  of  the  original  scene,  the  method  of  least  squares  can  be 
employed  to  determine  directly  the  elements  of  the  matrix  G.  If  the 
sensitivity  distributions  correspond  to  a  set  of  color-mixture  curves,  equa¬ 
tion  18-14/  gives  U  as  a  function  of  the  matrix  A  and  the  tristimulus 
values  X,  Y,  and  Z.  Suppose  that  n  different  colors  are  chosen  and 
that  the  tristimulus  values,  Xi?  Yh  and  Zit  for  each  one  are  determined. 
The  rectangular  matrices  T  and  X  are  defined  as 


T  = 


X  = 


From  equation  18-14/  it  follows  that: 

T  =  AX 


Xn\ 

Yn]  (18-18<i) 


(18  •  18^) 


The  values  of  the  elements  of  the  A  matrix  depend  upon  the  set  of 
color-mixture  curves  selected  as  sensitivity  distributions.  Once  these 
values  are  known,  from  them  and  the  tristimulus  values  of  the  n  colors, 
the  elements  of  the  T  matrix  can  be  determined  by  matrix  multiplica¬ 
tion. 

Let  the  matrix  E  be  defined  as 


/en 

•  •  •  eln\ 

E  =  le  2i 

•  •  •  C2  nj 

(18-  18c) 

V3i 

■  •  •  e3 J 

Cij  —  ~ 

log  tij 

(18-18</) 
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where 


Suppose,  now,  that  the  equivalent  neutral  densities,  cu,  c2i,  c3i,  of 
the  dyes  of  the  given  photographic  system  which  are  necessary  to  match 
each  of  the  n  colors  have  been  determined.  These  values  are  obtained 
by  a  successive-approximation  technique,  using  equations  1 S  ■  1 6c/  and 
18-  16b,  provided  that  the  tristimulus  values  are  known  prior  to  the 
calculations.  If  the  colors  chosen  represent  selected  amounts  of  the 
dyes,  a  single  set  of  calculations  to  obtain  the  elements  of  the  matrix 
X  of  18  -  18b  is  sufficient.  Let  C  be  the  matrix  of  elements  cih  or 


cn 

'  ‘  ‘  ^ln\ 

^21 

C2n  ] 

(18  •  18<?) 

‘^31 

•  •  •  c3J 

The  desired  matrix,  G,  is  the  one  which,  when  post-multiplied  by  E 
will  give  C.  It  is  not  likely  that  any  such  matrix  can  be  found  which 
will  give  the  desired  results  exactly,  but  close  approximations  will  be 
obtained  by  means  of  a  least-squares  solution.  Let  the  matrix  so 
obtained  be  denoted  by  G.  Then 


G  =  ( CE')(EE')~l  (18-18/) 

where  E'  is  the  transpose  of  the  matrix  E.  This  gives  the  desired  set  of 
color  reproduction  equations. 


USE  OF  SENSITIVITY  DISTRIBUTIONS  WHICH  ARE 
NOT  COLOR- MIXTURE  CURVES 


As  long  as  color  reproduction  theory  is  thought  of  in  terms  of  “exact 
color  reproduction,”  the  use  of  color-mixture  curves  as  sensitivity  distri¬ 
butions  appears  to  be  imperative.  Once  it  is  fully  realized  that  color 
photographic  processes  can,  at  best,  give  only  approximations  to  color 
reproduction,  the  necessity  of  such  a  requirement  is  no  longer  evident. 
Rather,  the  sensitivity  distributions  become  merely  factors  to  be  manipu¬ 
lated  in  such  a  way  as  to  give  a  process  with  the  greatest  possible 
satisfaction.  The  wavelength  distribution  of  any  color-mixture  curve 
is  broad,  covering  a  sizable  portion  of  the  visible  wavelength  raiwe 
h  or  such  distributions,  the  exposure  densities  e*  cannot  be  expressed 
at  all  closely  by  means  of  linear  functions  of  the  c*.  With  narrower 
istributions  of  s*,  particularly  as  they  approach  the  monochromatic 
reasonably  close  approximations  as  linear  functions  can  be  found’ 
\Y,th  such  narrow  sensitivity  distributions,  however,  metameric  colori 
do  not  reproduce  al.ke,  and  the  Ci  for  any  chosen  family  of  colors  may 


not  he  subject  to  representation  as  linear  combinations  of  the  d.  Both 
these  extremes  introduce  large  errors.  Jt  is  possible  that  a  compromise 
between  them  will,  on  the  average,  give  more  satisfactory  results. 

for  fibs  reason,  and  because  most  of  the  photographic  systems  now 
in  use  have  sensitivity  distributions  which  depart  materially  from  color- 
mixture  curves,  it  is  desirable  to  study  such  distributions.  Some  methods 
usable  in  such  problems  arc  as  follows. 

Assuming  that  the  three  photographic  sensitivity  distributions  are 
known,  or  have  been  selected,  then  the  exposure  densities  represented 
by  etJ,  and  given  by  the  negative  logarithms  of  the  ratios  of  the  integrals 
of  equations  18*  14c/,  can  be  determined  for  any  number  of  colors, 
provided  that  the  reflectance  distributions,  R,  for  the  colors  and  the 
illuminant  distribution,  P,  are  known.  For  each  of  these  colors,  the 
values  of  xq  can  be  found  by  means  of  equations  18-17.  By  use  of 
equations  18- 16c/  and  18-166,  the  values  of  c»  corresponding  to  each 
set  of  values  of  X',  Y',  and  Z',  where  X'  =  X,  Y'  =  Y,  and  Z'  =  Z, 
can  also  be  found.  With  the  elements  of  the  various  matrices  defined, 
equation  18- 18/  gives  the  least-squares  solution. 

SELECTION  OF  COLORS 

The  colors  most  frequently  made  use  of  as  a  basis  for  evaluating  the 
parameters  of  the  color  reproduction  equations  consist  of  different  con¬ 
centrations  of  the  individual  dyes  of  the  system.  Such  a  choice  is  nec¬ 
essary  in  order  to  make  the  computations  possible  in  some  systems  of 
calculation.  One  of  the  chief  advantages  of  a  least-squares,  or  other 
direct  analytical,  solution  of  the  problem,  is  that  no  restrictions  need 
be  placed  on  the  colors  chosen.  This  makes  possible  the  use  of  colors 
selected  on  the  basis  of  their  relative  importance  in  color  photography. 
To  the  extent  that  such  selections  can  be  made,  a  better  solution  than 
that  possible  using  the  dyes  of  the  system  as  criterion  colors  can  be 
obtained  (see  Brewer,  Hanson,  and  Horton,  1949). 

UNITS  FOR  MEASURING  COLOR  DIFFERENCE 

In  the  least-squares  solutions  given  so  far,  the  equivalent  neutral 
densities  of  the  dyes  of  the  system  provided  the  units  of  measure  by 
which  departures  from  exact  color  reproduction  were  evaluated.  Fqmv- 
alcnt-neutral-density  differences  probably  have  a  fairly  high  correlation 
to  visual  differences,  but  other  units  more  closely  corresponding  to  actual 
visual  differences  would,  of  course,  be  preferable. 
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the  CORRESPONDENCE 


'1' 


In  the  immediately  preceding  discussion  it  has  been  aaumedttat 

;xact  colorimetric  match  of  the  scene 


the  photograph  should  be  an  exact  colorimetric  maim  -  —  “ 
photographed  Tl.is  is  the  same  as  assuming  that  the  corresponden^ 

*  is  an  identity  correspondence,  the  quantities  x, ,  x2 ,  and  x3  being 
equal  to  x„  x2,  and  x»,  respectively.  As  has  been  discussed  m  carlic 
sections,  however,  a  color  photograph  can  never  be  anything  more  than 
a  representation  of  an  original  scene.  The  subject  photographed  will, 
in  general,  be  three-dimensional,  will  include  variations  in  lighting 
as  well  as  objects  of  different  colors,  and  will  have  characteristics 
associated  with  the  mental  perceptions  that  it  produces  which  are  not 
ascertainable  by  means  of  an  “instantaneous”  viewing  from  a  single 
vantage  point,  such  as  is  recorded  by  a  camera.  Because  of  these  many 
differences  the  photograph  can  never  be  an  exact  duplicate  of  the 
original  scene,  unless  the  scene  itself  is  a  photograph.  The  only  reality 
which  the  photograph  has  is  that  of  a  photograph;  with  respect  to  an 
original  scene  the  most  that  can  be  hoped  for  is  the  illusion  of  reality. 

It  follows  that,  for  the  general  case,  there  can  be  no  such  thing 
as  an  exact  photographic  reproduction.  It  is  conceivable,  however,  that 
for  any  given  selected  scene  a  “best”  photographic  reproduction  could, 
in  theory,  exist,  and  that  there  are  principles  which  would  relate  this 
reproduction  to  the  original  scene.  The  selection  of  the  “best”  repro¬ 
duction  could  be  made  on  some  such  basis  as  the  following:  A  large 
number  of  photographs  would  be  taken  of  the  same  scene.  In  viewing 
these  reproductions  (either  with  or  without  acquaintance  with  the 
original  scene)  observers  undoubtedly  could  make  distinctions  among 
them,  using  descriptive  terms  like  “better”  or  “worse,”  “acceptable” 
or  “unacceptable,”  “adequate”  or  “inadequate,”  etc.,  and  could  prob¬ 
ably  rank  them  in  order  of  preference  from  the  one  liked  most  to 
the  one  liked  least.  With  a  large  enough  number  of  choices  available, 
the  one  photograph  which  is  the  best  possible  photographic  represen¬ 
tation  of  the  original  scene  might  be  found.  This  would  be  “best,” 
however,  only  in  a  statistical  sense;  it  is  the  one  found  most  nearly 
satisfactory  by  the  largest  number  of  observers. 

It  would  then  be  possible  to  analyze  the  “best”  photograph  colori- 
metrically  and  to  find  the  tristimulus  values,  X',  Y',  and  Z',  of  each 
small  area  in  the  photograph  and  those,  X,  Y,  and  Z,  for  the  corre¬ 
sponding  regions  in  the  original  subject.  A  table  showing  corresponding 
sets  of  values  could  then  be  made,  and  this  table  would,  for  the  particu¬ 
lar  photograph  and  the  particular  viewing  conditions,  be  the  corre¬ 
spondence  *.  Any  systematic  types  of  relationships  between  the  two 
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sets  of  values,  such  as  equality,  proportionality,  or  the  like,  which  could 
be  found  would  serve  in  devising  an  analytical  statement  of  this  corre¬ 
spondence.  If  the  same  types  of  relationships  were  found  to  apply 
to  large  numbers  of  photographs,  then  the  correspondence  'I'  could 
likewise  be  applied  on  a  more  general  basis. 

Experiments  in  such  idealized  form  have  never  been  carried  out,  but 
enough  work  along  these  lines  has  been  done  to  indicate  that  no  simple 
set  of  colorimetric  relationships  is  likely  to  be  found  between  the  A 
of  the  original  scene  and  the  corresponding  A'  of  the  reproduction, 
when  the  reproduction  is  that  of  the  “best”  photograph. 

1  he  problem  of  selecting  a  suitable  correspondence  ^  is,  therefore, 
seen  to  be  a  most  baffling  one.  Some  set  of  relationships  must  be 
taken,  however,  if  any  theory  of  photographic  reproduction  is  to  be 
formulated.  The  psychophysical  matching  relationship  is  a  very  simple 
one  to  apply  and,  as  a  starting  point,  is  probably  about  as  good  as 
any  other.  What  should  be  emphasized  is  that  this  choice  is  highly 
arbitrary  and  can  in  no  sense  be  taken  as  the  proper  choice  for  exact 
color  reproduction.  It  is  a  tentative  choice,  to  be  made  use  of  only 
until  some  better  set  of  relationships  can  be  formulated.  As  a  longer- 
range  goal,  one  of  the  outgrowths  of  color  reproduction  theory  should 
be  the  determination  of  the  proper  nature  of  the  correspondence 
Until  this  is  done,  choices  which  are  known  to  be  inadequate  must 
be  used  because  no  better  choices  are  available.  It  is  largely  lack  of 
knowledge  concerning  this  correspondence  that  makes  it  necessary  for 
present-day  processes  to  be  worked  out  empirically. 
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of  process,  542 
Color  constancy,  140,  143 


Color  contrast,  144 
simultaneous,  127 
successive,  127 
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as  an  object,  157 
Color  photographic  dyes,  389 
Color  photographic  process,  271 
ideal,  147 
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Color  photographic  processes,  character¬ 
istics  of,  489 
classification  of,  280-281 
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methods  and  theory,  628 
gelatin  tissues,  293-265 
Lippmann,  276-278 
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modern,  303 
multiply  controlled,  519 

mathematical  description  of,  522 
reproduction  obtained  by,  537 
physical  reproduction,  275-279 
requirements  of,  153 
screen  plate,  303 
silver-dye-bleach,  296-297 
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mathematical  description  of,  521 
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Color  photographic  system,  271 
Color  photographs,  271 
borders  on,  160 
dark  room  viewing  of,  1 58 
earliest,  271 

lighted  room  viewing,  162 
projected,  158 

simultaneous  projection,  287 
standards  for,  172 
successive  projection,  287-288 
viewing  conditions,  158 
Color  photography,  and  eye  character¬ 
istics,  153 

and  fluorescence,  354 
appearance  aspects  of,  1 
two-color,  272 
Color  print,  borders  of,  157 
problems  in  control  of,  163 
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surface  characteristics,  1  57 
viewing  of,  162 
Color  reproduction,  145 
and  dye  sets,  529-532 
and  gamma  manipulation,  579-580 
and  H  &  D  curves,  532-537 
and  sensitivity  distributions,  527-529 
approximate,  660-661,  669 
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definitions  of,  61 3 
equations  for,  659,  669 
block  dyes,  643,  646,  647 
determination  of,  639 
exact,  meaning  of,  615 
false-color  systems,  577 
small  number  of  colors,  658 
visual  problems,  151 
Color  space,  psychological,  2 
Color  standards,  7 

Color  triangle,  change  of  primaries,  40 
equilateral,  39 


Color  triangle,  general  characteristics,  40 
right-angled,  42 
Colorant  mixtures,  51 

colorimetric  properties,  370 
selectivity  of  neutral,  386 
systems  of,  51,  54,  55 
two-dye,  376-380 
Colorants,  312 

classification  of,  314 
colorimetric  properties,  347 
dichroic,  351 
natural,  312 
synthetic,  312-313 
Colorimeter,  8 
Guild,  58 
Wright,  58 

Colorimetric  comparison,  photograph 
and  scene,  146 

Colorimetric  matching  in  color  photo¬ 
graphs,  148,  149 

Colorimetric  reproduction,  621,  637 
departures  from,  154 
figure  of  merit,  538 

Colorimetric  specifications,  dye  mixtures, 
381,  382 

transmitting  medium,  381 
Colorimetry,  and  photographic  processes, 
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and  sensitometry,  486 
of  colorants,  347 
Colorless  interval,  47 
Colors,  achromatic,  1,  5 
additive  mixtures,  68 
cold,  4 

complementary,  9,  10,  72 
descriptions  of,  2,  10 
equally  spaced,  77 
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geometrical  representations,  38,  68 
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hues  of,  1 

independent,  14 

neutral,  5 

photograph  and  scene,  149 
primary,  10 

psychological  attributes,  77 
reference,  10 

relative  importance  in  photography 
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shadow  series,  74-75 
specifications  of,  51 
warm,  4 

Comparators,  densitometer,  413 
Complementation  valence,  90 


Computers  for  density  determinations, 
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Consistency  principle,  153,  154 
Constancy,  brightness  and  lightness,  123 
chromatic,  142 
color,  143 

lightness,  123-125,  141,  142 
Constancy  phenomenon,  124 
and  learning,  125 

Contrast,  and  brightness  constancy,  166, 
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and  resolving  power,  216 
color,  127,  144 
effect  on  saturations,  153 
photographic,  472 
simultaneous,  118 
successive,  118 

Control,  of  photographic  products,  475 
of  processing,  480-481 
printer,  481-482 
Copying,  definition  of,  585 
direct,  586-590 
from  an  intermediate,  606-608 
generalized  theory,  608-610 
theory  of,  593-603 

approximation  formulas,  603 
graphical  methods,  597-601 
method  of  least  squares,  602 
Correspondence  relationship,  662 
photograph  and  scene,  146 
Couplers,  257,  259-266,  297 
colored,  265—266,  307,  544,  568-571 
immobilizing  of,  262,  263,  306 
in  developer  solutions,  261 
in  emulsions,  261 

Coupling  developers,  types  of,  257-258 
Coupling  development,  261 
reactions  of,  263-266 
Covering  power,  191 
Critical  angle,  360 
Curtis  Neotone  process,  296 
Cyanine  dyes,  229 

Daylight  point,  139 

Densities,  analytical,  406,  428,  437,  476 
colorant  combinations,  372 
colorimetric,  424 
diffuse,  187 
diffuse  printing,  190 
diffusing  colorants,  373 
doubly  diffuse,  187 
equivalent  neutral,  429,  476 
equivalent  neutral  printing,  437 
filter,  422-423 

integral,  406,  418,  437,  438-439,  476 
luminous,  189,  190,  329,  429 


Densities,  measurements  of,  188,  404 
optical,  338 
photographic,  185 
printing,  190,  423,  469 
reflection,  186,  363,  375,  427,  453 
spectral,  419 
specular,  187 
transmission,  186 
tricolor,  423 
types  of,  187,  406 
visual,  189,  190,  429 
Densitometers,  calibration  of,  416 
Capstaff,  413,  427 
classification  of,  406-407 
Color-Comparison  Analytical,  435— 
436 

design  considerations,  415 
Eastman  Electronic,  425 
equalized-response,  408 
Evans  Color,  434,  436 
inverse-square-law,  412 
Kodak  Color,  413,  427 
Macbeth  Ansco,  426 
null  type,  408 

Photo  Research  Corporation,  427 
Photovolt  Electronic,  427 
physical,  406-407,  416 
response-calibrated,  409 
visual,  406,  407,  416 
Welch  Densichron,  427 
Westrex  (Erpi),  424 
Densitometry  and  sensitometry,  404 
Density,  and  graininess,  210 
and  vision,  191 
balance,  481 
definition  of,  405 

function  of  film  characteristics,  248— 
249 

Density  wedges,  412,  460 
Depth  perception,  159,  170 
Desensitizers,  236,  237 
Developer,  179 
diffusion  of,  214 

Developer  solutions,  potency  of,  200 
Developers,  coupling,  257-258 
oxidation  products,  253 
self-coupling,  257 
Developing  agents,  179 
Development,  183 
chemical,  184 
directional  effects,  2 1 5 
reactions  and  color  photography,  250 
temperature,  200 
time,  199,  201 
types  of,  179 
Dextraeolor  process,  296 


Diaminophenol,  181 
Dichroic  dye,  351 
Diffuseness,  126 

Diffusion  in  emulsion,  212 

Dominant  wavelength,  10,  42,  69,  72 
complement,  10,  69 

Double  printing  for  combining  exposures, 
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Dufaycolor  process,  291,  303,  304 
Dufaytissue  process,  309 
Duplex  process,  290 
Duplicate,  and  original,  545 
master,  560 
second-generation,  560 
Duplicating,  and  masking,  566 
definition  of,  545 
direct,  546-553 
generalized  theory,  581-584 
negative-positive  systems,  580-581 
one-stage,  559 
theory  of,  558-560 
applied  to  copying,  590-593 
extension  of,  657 
two-stage  process,  560-562 
exact  reproduction,  562-565 
Du  Pont  Color  Film,  308 
Dye  absorption,  and  geometrical  arrange¬ 
ment,  333 

and  solvent,  230,  333 
and  substituent  groups,  260,  333 
in  emulsion,  230 
in  gelatin,  255 

Dye  adsorption  and  sensitization,  233 

Dye  images,  scatter  of,  405 

Dve  mixtures,  colorimetric  characteristics, 

375 

reflection,  389 

Dye  molecule,  loss  of  energy,  336 
Dye  sensitizers,  229 
effect  on  each  other,  236 
Dye  sensitizing,  and  absorption,  230 
and  concentration,  232-233,  236 
Dye  set,  chromaticity  gamut,  397 
Dye  sets,  characteristics  of,  507 
typical,  507,  508 
Dye  systems,  ideal,  389 
Dye  transfer  from  gelatin,  255 
Dye  transfer  process,  308,  310 
Dye  wedges,  calibration  of,  434,  436 
Dyes,  51,  312 
absorptions  of,  333 
acetate,  323 
acid,  313 

and  color  photography,  389 
as  absorbers  in  gelatin,  254 
azomethine,  260,  334,  335 


D>block!S3C56M396-399,  640,  641,  645 
classifications  of,  313 
cyan,  260,  390,  396 
desensitizing,  236,  237 


direct,  313 

effects  of  changes  in,  511,  529-532 

for  color  photography,  394 

in  photographic  processes,  428 

indoaniline,  260 

ionic  and  nonionic,  331 

magenta,  260,  390-391,  394 

mordant,  323 

real  and  ideal,  396 

recurring  absorptions,  393 

requirements  for  photography,  391 

sensitizing,  229,  230 

silver-dye  bleach  processes,  269 

transfer  processes,  256 

typical,  393 

vat,  323 

visual  and  spectral  characteristics,  390 
yellow,  260,  391,  394 


Eastman  Color  Negative  Film,  308 
Eastman  Color  Print  Film,  308 
Eberhard  effect,  214 
Ektachronre  Film,  307 
Ektacolor  Film,  307 
Ektacolor  Print  Film,  308 
Elon,  Kodak,  179,  181 
Embossed  film  processes,  292 
Emulsion,  photographic,  173,  208 
Emulsions,  check,  467 
Equivalent  neutral  densities,  429,  476 
and  exposure  densities,  638 
errors  in  measurement,  450-452 
from  integral  densities,  447—449 
Equivalent  neutral  printing  density,  437, 
479 

Exposure,  and  fine  structure,  224 
and  intensity,  194 
and  resolving  power,  216 
definition  of,  193,  616,  666 
efficiency  of,  228,  232 
low-temperature,  177,  195 
of  negative,  207 
two  steps  of,  177 
Exposure  densities,  249,  492,  634 
and  log  exposures,  515 
and  sensitivity  distributions,  500-505 
and  tristimulus  values,  635 
metamers,  505-506 
Exposure  latitude,  155,  192 
Exposure  scale,  207-208 
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Exposure  transmittances,  617 
Exposures,  addition  and  subtraction  of 
626-627 

color  photographic  emulsion,  491 
colored-light,  475 
in  sensitometers,  459-464 
linear  combinations  of,  623 
metameric  pairs,  635 
neutral,  462-464 
non-neutral,  464-465 
subtractive  processes,  633 
summation  of,  238,  241 
Extinction  coefficient,  337,  338 
Extinction  point,  116 
Eye,  as  receiver  in  densitometers,  413 
scanning  movements,  109 
Eve  sensitivity,  as  affected  by  adaptation, 
121 

changes  in,  121,  122,  129-133 
relative,  121 

False-color  systems,  246,  576-578 
Ferrania  color  films,  308 
Ferricyanide  for  silver  oxidation,  270 
Ferrocyanides  in  toning,  267,  268 
Eilmcolors  process,  291 
Films,  color  masking,  567 
exposure  balance,  155,  156 
exposure  latitude  of,  155,  159 
multilayer,  297 
reversal,  155 
stripping,  311 

Filters,  color-correction,  156 
for  densitometers,  410 
ideal,  301 
interference,  410 
taking,  302 

taking  and  viewing,  298,  300,  628 
tricolor  reproduction,  301 
Fine  structure  and  color  photography, 

225 

Finlay  process,  290 

Flicker  frequency,  brightness  differences, 

22 

chromatic  and  achromatic  stimuli,  23 
critical,  21,23 
Fluorescence,  323-325,  337_ 
and  color  photography,  354 
and  colorant  mixtures,  373-375 
and  densitometers,  418 
and  transmittance  measurements,  337 
frequency  with  which  encountered, 
353' 

Fluorescent  substances,  323-324,  336 
colorimetric  properties,  352-353 
Fog,  175,  181,  183,  184,  199 


Fog  density,  474 
koveal  cones,  sizes  of,  24,  212 
Fresnel  reflection  law,  364 
Fuji  color  films,  309 
Fullcolor,  71,  74 

Gamma,  192 

and  development  time,  199 
and  exposure  wavelength,  244 
and  resolving  power,  216 
and  saturation,  542 
and  speed,  198 

effects  of  changes  in,  533-535 
increase,  in  direct  duplicating,  5 56 — 
558 

manipulation,  578-580 
Geometrical  illusions,  110-112 
Gelatin,  173,  252 
hardening  of,  252,  253,  254 
oil  repellency,  256 
relief  image,  254 
softening,  254,  255 
Gevaert  color  films,  308 
Graininess,  209-210 
Granularity,  2 1 0-2 1 1 
Gray,  126 

II  &  D  curve,  191,  192,  193,  454 
H  &  D  curves,  and  exposure  wavelength, 
244 

effects  of  changes  in,  532-537 
kinks,  518 

neutral  scales  of  exposure,  514 
parameters  from,  470 
shapes  of,  517-519 
toe  region,  198 
Halation,  221-222 

Herschel  effect,  and  Van  Kreveld’s  law, 
240 

for  subtracting  exposures,  627 
Heymer  effect,  246,  247 
Hue,  and  adaptation  level,  134,  135 
as  function  of  intensity,  42,  44 
as  function  of  purity,  42,  43 
definitions  of,  42,  1 36 
Hue  discrimination,  adaptation  effects, 
96 

function  of  wavelength,  4,  86-87 
low  intensities,  87 
Hues,  invariable  spectrum  points,  45 
Humic  acids,  257 
Hydroquinone,  179,  181,  182 
Ilydrotypie  process,  295 
I  Iypsochromic,  327 

ICI  ( see  GIF  system);  56 
Ilford  color  films,  309 
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Illuminance,  32 

Illuminant  and  film  design,  136,  157 
Illumination,  in  taking  a  photograph, 

164 

mixed-light  sources,  157 
nonuniform,  126,  166 
perceiving  of,  125,  143 
sunlight,  168 
Illusions,  animals,  111 
geometrical,  110-112 
Muller- Lyer,  111 
Image  spreading,  212 
Index  of  refraction  and  surface  reflec¬ 
tion,  358 

Indicators  for  densitometers,  415 
Integral  densities,  406,  418,  476 
additivity  of,  441,  447 
linearity  of,  445 

Intensity-control  devices  for  densitome¬ 
ters,  411 

Intensity  range  for  eye,  50 
Interimage  effects,  483,  519,  543 
Intermittency  effect,  195 
Ions,  interstitial,  177 
Isotints,  74,  75 
Isotones,  74,  75 
Isovalent  colors,  74,  75 

Kinishiroku  color  films,  309 
Kodachrome  process,  261,  304-306 
Kodachrome  two-color  process,  256,  294 
Kodacolor  embossed  film  process,  293 
Kodacolor  Film  process,  262-263,  306 
Kodacolor  Paper,  306 
Kromskop,  283 

Lamps,  color  temperatures,  6 
densitometer,  409-410 
Latent  image,  176 
formation,  177,  183,  236-237 
Latitude,  photographic  film,  472-474 
and  density  range,  542 
Lenticular  process,  291-293 
Light,  scatter  of,  186 

and  densitometers,  418 
Light  sources,  chromatic,  6 
filters  for,  456-458 
for  sensitometers,  455 
Lighting,  arrangement  of,  169 
indoor,  166 
mixed,  171 
of  a  scene,  164 
outdoor,  168 

subject  in  photograph,  149 


Lightness,  2,  123,  126,  136,  138 
and  saturation,  80,  355 
dependence  on  chromaticness,  33 
Lightness  constancy,  123-125,  141,  142, 
170 

illumination  installations,  168 
in  color  photograph,  166,  168 
in  dark  projection,  160 
in  photograph,  169 
Lignose  process,  291 
Lippmann  process,  276-278 
Log  D  law,  346,  636 

and  density  determinations,  450 
and  reflection  densities,  366 
Lovibond  system,  52 
Lovibond-Schofield  system,  52 
Lumiere  Autochroine  Plate,  290 
Luminance,  32,  65,  70,  113 
black  body  radiator,  32 
higher  than  white,  169 
minimum,  49,  50,  114 
range  for  eye,  50 
threshold,  i  1 8 

Luminosity  function,  26-29,  48,  49,  57, 
58,  190 

scotopic  vision,  48,  49 
Luminous  flux,  32,  113 
Luminous  intensity,  32 
Luminous  reflectance,  57,  64,  65,  123 
Luminous  transmittance,  65 
maximum  obtainable,  356 
Luminous  transmittances,  different  dye 
sets,  512 

dye  mixtures,  387 

Mackie  line,  214 
Malus,  law  of,  412 
Martens  polarizing  photometer,  418 
Mask,  brightness  correction,  575 
in  color  process,  521 
neutral,  575,  576 
silver  image,  306,  575 
Masking,  and  combining  exposures,  627 
application  of,  543 
applied  to  original,  567 
for  dyes  of  the  copy,  592-593 
for  dyes  of  the  original,  590,  592 
separation  negatives,  565-567 
use  of,  565 
Masks,  566 

and  dye  absorptions,  572-573 
effects  in  copying,  605-606 
employment  of,  571 
individual  effects,  572-573 
relative  importances  of,  574 
to  improve  individual  colors,  574-575 
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Maxwell  triangle,  39 
Mesomerism,  328 
Metals,  surface  reflection,  358 
Metamers,  110 

and  exposure  densities,  505 
in  copying,  585-586 
£-Methylaminophenol,  179,  183 
Modes  of  appearance,  112 
Molecule,  energy  states  of,  329,  330,  331 
Monochromatic  light,  5 
Monopack  process,  310 
Mordant,  268 
Multicolor  process,  296 
Munsell  system,  38,  76-81 
achromatic  colors,  78 
chromas,  78,  79 
color  arrangements,  97 
color  designations,  79 
color  samples,  76 
hues,  78,  79 
metrics  of,  97-100 
objectives  of,  77,  81 
renotation,  79-81 
values,  78,  79 

Negative,  photographic,  203 
Negative  color  films,  characteristic  curves, 
469 

Neighborhood  effects,  214 
Neutral  colors,  5 

Neutral  scale  reproduction  as  affected  by 
gamma,  535 

Neutrals,  formed  by  dyes,  157,  383,  432, 
451 

nonselective,  385 
reproductions  of,  154,  517 
selective,  385,  432,  451,  509 
to  different  illuminants,  433,  509-510 
Nu  Hue  paint  mixture  system,  53 

OSA  system,  trilinear  coordinates,  90 
Object,  clear,  126 
color  of,  133 
Object  surface  color,  1 1 3 
Object  mode,  124 
Objects,  nonselective,  5 
Omnicolore,  289 
Opacity,  definition  of,  405 
Ostvvald  system,  38,  70,  75,  76 
color  triangle,  72 
Ozobrome  process,  294 

Paget  process,  290 
p]l  of  developer,  181 


p  Phenylenediamines,  179,  183  257 

258,  259,  297 

Phosphorescence,  325-326,  337 
Phosphorescent  substances,  326,  336 
Photochemical  reaction,  227 
Photochromatic  interval,  47 
Photoelectric  scanning  and  combining 
exposures,  627 

Photograph,  as  derived  from  original 
scene,  145 
definition  of,  611 
relief  image,  273 
Photographer,  164,  171,  172 
Photographic  deposit,  nonuniformity  of, 
208 

Photographic  image,  physical  character¬ 
istics,  223 

Photographic  prints,  surface  reflection, 

358 

Photographs,  objectives  in  taking,  172 
viewing  situations,  150 
Photolithographic  prints,  275 
Photometric  equivalent,  191 
Photometric  quantities,  29-32 
Photosensitive  surfaces,  types  of,  414 
Physical  development,  179,  181 
Picture  sharpness  and  resolving  power, 
223 

Pigments,  51,  312,  323 
Pinatype  process,  295 
Ploehere  color  system,  53 
Polarization,  reflected  and  refracted  rays, 

359 

Polychromide  process,  296 
Positive,  photographic,  203 
Preservative  of  developer,  181 
Primaries,  11,  14 
CIE,  61 

choice  of,  15-16 
for  subtractive  process,  651 
psychological,  3,  45 
stable,  650 

transformation  of,  38,  40 
unit  quantities,  13,  35,  41 
unstable,  650 
Prisms,  polarizing,  412 
Processing,  high  temperature,  200 
reversal,  203 
sensitometric,  465-467 
Prussian  blue,  267,  310 
Psychophysical  law,  Fechner,  84 
Purity,  colorimetric,  10,  46,  69,  70 
excitation,  69,  70 
minimum  perceptible,  87,  88 
Purity  discrimination,  87 
Purkinje  region,  49 
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Pyrogallol,  183 

as  a  color  developer,  179,  257 
as  hardening  developer,  254 

O  factor,  188 

Radiant  energy,  29 
Ratio  method,  83 
Raydex  process,  294 
Rayleigh  scattering,  212,  346 
Reciprocity  law,  194 
Reciprocity  failure,  194 
and  fine  structure,  225 
and  Van  Kreveld’s  law,  240 
Receivers  for  densitometers,  413-415 
Recorders  for  densitometers,  415 
Reduced  color,  112,  113 
Reduction  potentials,  183 
Reflectance,  357 
definition  of,  185 

Reflecting  materials,  colorimetric  prop¬ 
erties,  368 

viewing  recommendations,  63  ' 
Reflection,  diffusing  surface,  357,  359 
external,  361 
internal,  222,  360-362 
surface,  358 

Reflection  densities,  427 
nonadditivity  of,  366 
Reflection  density,  185,  363,  405 
diffuse,  365 
Related  colors,  70 
Relief  image  in  gelatin,  254 
Reseau,  303 

Resolving  power,  215-221 
and  picture  sharpness,  223 
eye,  24,  25 
Resonance,  329,  333 
necessary  conditions  for,  329 
Resonance  emission,  336 
Resorcinol  as  coupler,  261 
Retinal  illuminance,  32 
Reversal  color  films,  characteristic  curves, 
468 

Reversal  process,  203 
Saturation,  1 

and  adaptation  level,  134,  135 
and  lightness,  80,  355 
definitions  of,  45,  46,  136 
dependence  of  measure  on  method,  46 
dependence  on  intensity,  47 
of  spectrum  colors,  11,  45,  46 
Scattering,  of  light,  346 
Rayleigh,  212,  346 
secondary,  347 


Scattering  coefficient,  346 
Screen-plate  processes,  288-291 
Screen  plates,  and  registration,  6Zo 
classification  of,  289 
elements  of,  291 
methods  of  producing,  289 
Scrim,  168 

Seeing,  different  aspects  of,  109 
Semichrome,  71 

Sensitivities,  monochromatic,  553 
wide  band,  553-556 
Sensitivity,  color,  of  emulsion,  242 
maximum,  236 
Sensitivity  distributions,  666 
actual  color  process,  500 
and  additive  primaries,  621-622 
and  color-mixture  curves,  622,  635 
and  exposure  densities,  492 
and  independent  primaries,  625 
and  metameric  pairs,  505-506 
effects  of  changes  in,  500-505,  527— 
529 

hypothetical  process,  498 
without  negative  portions,  626 
Sensitivity  specks,  174,  176,  177 
Sensitizers,  chemical,  228 
optical,  229 
Sensitometers,  455 
classification  of,  462 
time-scale,  195 

Sensitometric  characteristics,  and  picture 
quality,  485-486 
of  color  processes,  489 
Sensitometric  exposures,  458,  459 
Sensitometric  methods,  use  of,  454 
Sensitometric  processing,  465-467 
machine  for,  466 

Sensitometric  results,  expression  of,  468 
uses  of,  475 

Sensitometric  tests  and  process  investiga¬ 
tion,  482 

Sensitometry,  454 
and  colorimetry,  4S6 
standardized  conditions,  455 
Separation  negatives,  273,  280 
and  masking,  565-567 
bipack-single-film  system,  286 
stripping  film,  287 
successive  exposure,  282 
tripack,  286 

triple-lens  system,  282-283 
Shadows  on  snow,  171 
Sharpness,  215 

Silver  chloride,  colors  in,  275-276 
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Silver-dye-bleach  processes,  246,  269-270 
Silver  halide,  emulsions,  252 
grains,  174-176,  179 
exposure  of,  176 

Silver  images,  in  color  photography,  250 
removal  of,  270 

Silver  iodide  as  mordant,  268,  296 
Silver  sulfide,  174 
Simultaneous  contrast,  118 
and  color  constancy,  143 
Snell’s  law,  358 
Solarization,  192 
Sound  on  film,  188 
Sound  track,  photocells  for,  414-415 
Specks,  sensitivity,  174,  176,  177 
silver  in  development,  183,  184 
Spectral  dispersion  systems,  411 
Spectral  distribution  coefficients,  34,  35, 
37 

Spectral  sensitivities  of  emulsions,  298, 
299,  301 

Spectral  sensitivity,  226,  242,  483 
and  absorption,  227 
and  density,  247 
and  exposure,  228,  245 
Spectrographs,  wedge,  238,  483 
Spectrophotometers,  abridged,  423 
and  fluorescence,  353,  375 
Beckman,  421-422 
calibration  of,  416 
General  Electric,  419-421 
Spectrum  colors,  brightnesses,  25 
hues,  3,  4 
locus,  39 
matching  of,  1 1 
maximum  saturations,  48 
saturations,  90 
Speed,  192,  226 
and  gamma,  198 
and  grain  size,  196 
of  negative  films,  208 
photographic,  175,  470 
definition  of,  471 
reversal  films,  472 

shifts,  effects  on  color  reproduction, 
536-537 

Speed  constants,  492,  515 
Stain,  428 

in  photographs,  158 
in  projected  pictures,  1 59 
Standard  viewing  conditions,  63-64 
Step  tablets  for  sensitometers,  460-462 
Stokes’  law,  324,  337 
Stripping  film,  287 


Subtractive  color  photography,  55 
processes  of,  273 

reproduction  theory,  generalized,  662— 
672 

Subtractive  colorant  systems,  51 
Sulfite,  180-181,  182 
Sunlight,  shadows  of,  168,  169 
Supersensitization,  236 
Surface  colors,  136-142 

Talbot’s  law,  20,  21 
Technicolor  Motion  Picture  Films,  310 
Testing,  photographic  products,  475 
Thames  plate,  290 
Tintometer,  52 

Tone  reproduction,  204-208,  223 
characteristics  of  process,  517 
Toning,  chemical,  266,  267 
dye,  266,  267-268 
Transmission  density,  185,  405 
Transmittance,  371 
and  fluorescence,  374 
colorant  combinations,  372,  636 
colorimetric,  424 
definition  of,  185,  405 
diffusing  colorants,  373 
spectral,  189,  337,  405 
Traube  Uvachrome  process,  296 
Triadochrome  process,  296 
Trichromatic  coefficients,  61,  68 
as  Cartesian  coordinates,  42 
color  triangle,  40 
geometric  representation,  39 
of  transmitting  medium,  349 
transformations,  41 
Trichromatic  equations,  13 
Trichromatic  systems,  basic  assumptions 
of,  14 

of  color  photography,  271 
primaries  of,  15 
Trichromatic  units,  68 
Trichrome  Carbo  process,  294,  309 
Trilinear  plots,  and  exposure  densities, 
502 

processing  control,  481 
Tripack,  286 
Tristimulus  values,  37 
additive  process,  619 
block  dyes,  643,  645 
calculation  of,  65-68 
colorant  combinations,  637 
of  point  in  subject,  618,  634 
of  transmitting  medium,  348-349 
scene  and  photograph,  146,  147 
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Tristimulus  values,  transformation  equa¬ 
tions,  37,  100 

Turbidity,  photographic,  212 

Uniform  chromaticity  charts,  100-105 
Uniform  chromaticity  scale,  102,  136 
rectangular,  103 
Unrelated  colors,  70 
Uranium  toning,  267 

Vanishing  points,  1  59 
Van  Kreveld’s  law,  238-241,  616,  665 
Vernier  acuity,  25 
Vision,  photopic,  49 
scotopic,  49 
sense  impressions,  110 
simple  and  complex  fields,  110 
threshold,  47,  49 
viewing  situations,  109 
Visual  distance,  101 


Warner  Powrie  process,  290 
Wavelength  discrimination,  86 
Weber-Fechner  law,  72,  73,  83 
failure  of,  84 

Weber’s  fraction,  83,  84,  86 
redetermination  of,  84 
variation  of,  84 
Wedging,  284 
Wetting  agents,  181 
White,  126 

affected  by  adaptation,  7 
luminance  threshold  of,  7 
White  point,  140 
absolute,  6 
Whiteness,  1 26 

Young-Helmholtz  three-receptor  hy¬ 
pothesis,  14,  299 
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